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My adviser’s best advice 


By Josh Shiode 
ON THE COVER 
A young zebra finch 
Sc , T nce (left) attending to 
his father (right). 


During development, 
juvenile birds listen 

to and imitate their 
father’s courtship song. 
Through behavioral 
tracking and synaptic 
current measurements, Vallentin et al. 
show that neuronal circuit inhibition 
preferentially targets specific pieces of 
song that the birds have already mastered, 
suggesting a new circuit mechanism for 
observational learning. See page 267. 
Photo: Georg Kosche 


SCIENCE (ISSN 0036-8075) is published weekly on Friday, except the last week in December, by the American Association for the Advancement of Science, 1200 New York Avenue, NW, Washington, DC 20005. Periodicals 
mail postage (publication No. 484460) paid at Washington, DC, and additional mailing offices. Copyright © 2016 by the American Association for the Advancement of Science. The title SCIENCE is a registered trademark of the AAAS 
Domestic individual membership and subscription (51 issues): $165 ($74 allocated to subscription). Domestic institutional subscription (51 issues): $1522; Foreign postage extra: Mexico, Caribbean (surface mail) $55; other countries (air 
assist delivery) $89. First class, airmail, student, and emeritus rates on request. Canadian rates with GST available upon request, GST #1254 88122. Publications Mail Agreement Number 1069624. Printed in the U.S.A. 

Change of address: Allow 4 weeks, giving old and new addresses and 8-digit account number. Postmaster: Send change of address to AAAS, P.O. Box 96178, Washington, DC 20090-6178. Single-copy sales: $15.00 current issue, 
$20.00 back issue prepaid includes surface postage; bulk rates on request. Authorization to photocopy material for internal or personal use under circumstances not falling within the fair use provisions of the Copyright Act is granted by 
AAAS to libraries and other users registered with the Copyright Clearance Center (CCC) Transactional Reporting Service, provided that $35.00 per article is paid directly to CCC, 222 Rosewood Drive, Danvers, MA 01923. The identification 
code for Science is 0036-8075. Science is indexed in the Reader's Guide to Periodical Literature and in several specialized indexes. 


SCIENCE sciencemag.org 15 JANUARY 2016 * VOL 351 ISSUE 6270 205 


Published by AAAS 


e 
lf [ l ( ( 1200 New York Avenue, NW, Washington, DC 20005 
Bateman House, 82-88 Hills Road, Cambridge, UK CB2 1LQ 
AVAAAS 


Editor-in-Chief Marcia McNutt 
Executive Editor Monica M. Bradford — News Editor Tim Appenzeller 
Managing Editor, Research Journals Katrina L. Kelner 
Deputy Editors Barbara R. Jasny, Andrew M. Sugden(UK), Valda J. Vinson, Jake S. Yeston 


Research and Insights 
SR. EDITORS Caroline Ash(UK), Gilbert J. Chin, Lisa D. Chong, Julia Fahrenkamp-Uppenbrink(UK), Pamela J. Hines, Stella M. 
Hurtley(UK), Paula A. Kiberstis, Marc S. Lavine(Canada), Kristen L. Mueller, lan S. Osborne(UK), Beverly A. Purnell, L. Bryan 
Ray, Guy Riddihough, H. Jesse Smith, Jelena Stajic, Peter Stern(UK), Phillip D. Szuromi, Sacha Vignieri, Brad Wible, Nicholas S. 
Wigginton, Laura M. Zahn ASSOCIATE EDITORS Brent Grocholski, Keith T. Smith ASSOCIATE BOOK REVIEW EDITOR Valerie B. Thompson 
ASSOCIATE LETTERS EDITOR Jennifer Sills CHIEF CONTENT PRODUCTION EDITOR Cara Tate SR. CONTENT PRODUCTION EDITORS Harry Jach, 
Lauren Kmec CONTENT PRODUCTION EDITORS Jeffrey E. Cook, Chris Filiatreau, Cynthia Howe, Barbara P. Ordway, Catherine Wolner sr. 
EDITORIAL COORDINATORS Carolyn Kyle, Beverly Shields EDITORIAL COORDINATORS Joi S. Granger, Lisa Johnson, Anita Wynn PUBLICATIONS 
ASSISTANTS Aneera Dobbins, Jeffrey Hearn, Dona Mathieu, Le-Toya Mayne Flood, Shannon McMahon, Scott Miller, Caitlyn Phillips, 
Jerry Richardson, Rachel Roberts(UK), Alice Whaley(UK), Brian White EXECUTIVE ASSISTANT Anna Bashkirova ADMINISTRATIVE SUPPORT 
Janet Clements(UK), Lizanne Newton(Uk), Maryrose Madrid, John Wood(UK) 


News 
NEWS MANAGING EDITOR John Travis INTERNATIONAL EDITOR Richard Stone DEPUTY NEWS EDITORS Daniel Clery(UK), Robert Coontz, 
Elizabeth Culotta, David Grimm, David Malakoff, Leslie Roberts CONTRIBUING EDITOR Martin Enserink(Europe) SR. CORRESPONDENTS 
Jeffrey Mervis, Elizabeth Pennisi News writers Adrian Cho, Jon Cohen, Jennifer Couzin-Frankel, Carolyn Gramling, Eric Hand, 
Jocelyn Kaiser, Catherine Matacic, Kelly Servick, Robert F. Service, Erik Stokstad(Cambridge, UK), Emily Underwood INTERNS 
Hanae Armitage, Nala Rogers CONTRIBUTING CORRESPONDENTS Michael Balter(Paris), John Bohannon, Ann Gibbons, Mara 
Hvistendahl, Sam Kean, Eli Kintisch, Kai Kupferschmidt(Berlin), Andrew Lawler, Christina Larson(Beijing), Mitch Leslie, Charles 
C. Mann, Eliot Marshall, Virginia Morell, Dennis Normile(Shanghai), Heather Pringle, Tania Rabesandratana(London), Gretchen 
Vogel(Berlin), Lizzie Wade(Mexico City) CAREERS Donisha Adams, Rachel Bernstein(Editor) copy epitors Julia Cole, Dorie 
Chevlen, Jennifer Levin (Chief) ADMINISTRATIVE SUPPORT Jessica Williams 


Executive Publisher Rush D. Holt 
Acting Publisher Bill Moran Chief Digital Media Officer Rob Covey 


BUSINESS OPERATIONS AND PORTFOLIO MANAGEMENT DIRECTOR Sarah Whalen BUSINESS SYSTEMS AND FINANCIAL ANALYSIS DIRECTOR Randy Yi 
MANAGER OF FULFILLMENT SYSTEMS Neal Hawkins SYSTEMS ANALYST Nicole Mehmedovich ASSISTANT DIRECTOR, BUSINESS OPERATIONS Eric 
Knott MANAGER, BUSINESS OPERATIONS Jessica Tierney BUSINESS ANALYSTS Cory Lipman FINANCIAL ANALYST Robert Clark RIGHTS AND 
PERMISSIONS ASSISTANT DIRECTOR Emilie David PERMISSIONS ASSOCIATE Elizabeth Sandler RIGHTS, CONTRACTS, AND LICENSING ASSOCIATE 
Lili Kiser 

MARKETING DIRECTOR Elise Swinehart ASSOCIATE DIRECTOR OF ACQUISITION AND RETENTION Julianne Wielga MARKETING ASSOCIATE 
Elizabeth Sattler Sk. MARKETING EXECUTIVE Jennifer Reeves ASSOCIATE DIRECTOR, CREATIVE SERVICES Tzeitel Sorrosa ART ASSOCIATE 
Seil Lee JR. ART ASSOCIATE Kim Huynh ASSISTANT COMMERCIAL EDITOR Selby Frame MARKETING PROJECT MANAGER Angelissa 
McArthur PROGRAM DIRECTOR, AAAS MEMBER CENTRAL Peggy Mihelich FULFILLMENT SYSTEMS AND OPERATIONS membership @aaas.org 
MANAGER, MEMBER SERVICES Pat Butler SPECIALISTS Terrance Morrison, Latasha Russell MANAGER, DATA ENTRY Mickie Napoleoni 
DATA ENTRY SPECIALISTS Brenden Aquilino, Fiona Giblin 


DIRECTOR, SITE LICENSING Tom Ryan DIRECTOR, CORPORATE RELATIONS Eileen Bernadette Moran SR. PUBLISHER RELATIONS SPECIALIST Kiki 
Forsythe PUBLISHER RELATIONS MANAGER Catherine Holland PUBLISHER RELATIONS, EASTERN REGION Keith Layson PUBLISHER RELATIONS, 
WESTERN REGION Ryan Rexroth SALES RESEARCH COORDINATOR Aiesha Marshall MANAGER, SITE LICENSE OPERATIONS Iquo Edim SENIOR 
PRODUCTION SPECIALIST Robert Koepke SENIOR OPERATIONS ANALYST Lana Guz FULFILLMENT ANALYST Judy Lillibridge ASSOCIATE 
DIRECTOR, MARKETING Christina Schlecht MARKETING ASSOCIATES Thomas Landreth, Isa Sesay-Bah 


WEB TECHNOLOGIES SR. DEVELOPER Chris Coleman DEVELOPERS Dan Berger, Jimmy Marks, Ryan Jensen SR. PROJECT MANAGER Trista Smith 
PROJECT MANAGER Nick Fletcher 


MULTIMEDIA DIRECTOR OF ANALYTICS Enrique Gonzales SR. WEB PRODUCER Sarah Crespi WEB PRODUCER Alison Crawford VIDEO PRODUCER 
Nguyen Nguyen SOCIAL MEDIA PRODUCER Brice Russ 


DIRECTOR OF OPERATIONS PRINT AND ONLINE Lizabeth Harman DIGITAL/PRINT STRATEGY MANAGER Jason Hillman QUALITY TECHNICAL 
MANAGER Marcus Spiegler PROJECT ACCOUNT MANAGER Tara Kelly DIGITAL PRODUCTION MANAGER Lisa Stanford ASSISTANT MANAGER 
DIGITAL/PRINT Rebecca Doshi SENIOR CONTENT SPECIALISTS Steve Forrester, Antoinette Hodal, Lori Murphy, Anthony Rosen 
CONTENT SPECIALISTS Jacob Hedrick, Kimberley Oster 


DESIGN DIRECTOR Beth Rakouskas DESIGN EDITOR Marcy Atarod SENIOR DESIGNER Garvin Grulldn DESIGNER Chrystal Smith 
GRAPHICS MANAGING EDITOR Alberto Cuadra SENIOR SCIENTIFIC ILLUSTRATORS Chris Bickel, Katharine Sutliff SCIENTIFIC ILLUSTRATOR 
Valerie Altounian SENIOR ART ASSOCIATES Holly Bishop, Nathalie Cary, Preston Huey SENIOR PHOTO EDITOR William Douthitt 
PHOTO EDITORS Leslie Blizard, Christy Steele 


DIRECTOR, GLOBAL COLLABORATION, CUSTOM PUBLICATIONS, ADVERTISING Bill Moran EDITOR, CUSTOM PUBLISHING Sean Sanders: 202-326- 
6430 ASSISTANT EDITOR, CUSTOM PUBLISHING Tianna Hicklin: 202-326-6463 ADVERTISING MARKETING MANAGER Justin Sawyers: 202-326-7061 
science_advertising@aaas.org ADVERTISING MARKETING ASSOCIATE Javia Flemmings ADVERTISING SUPPORT MANAGER Karen Foote: 202-326-6740 
ADVERTISING PRODUCTION OPERATIONS MANAGER Deborah Tompkins SR. PRODUCTION SPECIALIST/GRAPHIC DESIGNER Amy Hardcastle sr. 
TRAFFIC ASSOCIATE Christine Hall SALES COORDINATOR Shirley Young ASSOCIATE DIRECTOR, COLLABORATION, CUSTOM PUBLICATIONS/CHINA/ 
TAIWAN/KOREA/SINGAPORE Ruolei Wu: +86-186 0082 9345, rwu@aaas.org COLLABORATION/CUSTOM PUBLICATIONS/JAPAN Adarsh Sandhu + 
81532-81-5142 asandhu@aaas.org EAST COAST/E. CANADA Laurie Faraday: 508-747-9395, FAX 617-507-8189 WEST COAST/W. CANADA Lynne Stickrod: 
415-931-9782, FAX 415-520-6940 MIDWEST Jeffrey Dembksi: 847-498-4520 x3005, Steven Loerch: 847-498-4520 x3006 UK EUROPE/ASIA Roger 
Goncalves: TEL/FAX +41 43 243 1358 JAPAN Katsuyoshi Fukamizu(Tokyo): +81-3-3219-5777 kfukamizu@aaas.org CHINA/TAIWAN Ruolei Wu: 
+86-186 0082 9345, rwu@aaas.org 


WORLDWIDE ASSOCIATE DIRECTOR OF SCIENCE CAREERS Tracy Holmes: +44 (0) 1223 326525, FAX +44 (0) 1223 326532 tholmes@science-int. co.uk 
CLASSIFIED advertise@sciencecareers.org U.S. SALES Tina Burks: 202-326-6577, Nancy Toema: 202-326-6578 EUROPE/ROW SALES Sarah Lelarge SALES 
ASSISTANT Kelly Grace JAPAN Hiroyuki Mashiki(Kyoto): +81-75-823-1109 hmashiki@aaas.org CHINA/TAIWAN Ruolei Wu: +86-186 0082 9345 rwu@ 
aaas.org MARKETING MANAGER Allison Pritchard MARKETING ASSOCIATE Aimee Aponte 

AAAS BOARD OF DIRECTORS RETIRING PRESIDENT, CHAIR Gerald R. Fink PRESIDENT Geraldine (Geri) Richmond PRESIDENT-ELECT Barbara 

A. Schaal TREASURER David Evans Shaw CHIEF EXECUTIVE OFFICER Rush D. Holt BoARD Bonnie L. Bassler, May R. Berenbaum, Carlos 
J. Bustamante, Stephen P.A. Fodor, Claire M. Fraser, Michael S. Gazzaniga, Laura H. Greene, Elizabeth Loftus, Mercedes Pascual 
SUBSCRIPTION SERVICES For change of address, missing issues, new orders and renewals, and payment questions: 866-434-AAAS (2227) or 202-326-6417, FAX 202-842- 
1065. Mailing addresses: AAAS, P.O. Box 96178, Washington, DC 20090-6178 or AAAS Member Services, 1200 New York Avenue, NW, Washington, DC 20005 


INSTITUTIONAL SITE LICENSES 202-326-6730 REPRINTS: Author Inquiries 800-635-7181 COMMERCIAL INQUIRIES 803-359-4578 PERMISSIONS 202-326-6765, 
permissions@aaas.org AAAS Member Services 202-326-6417 or http://membercentral.aaas.org/discounts 


Science serves as a forum for discussion of important issues related to the advancement of science by publishing material on which a consensus has been reached as well 
as including the presentation of minority of conflicting points of view. Accordingly, all articles published in Science—including editorials, news and comment, and books 
reviews—are signed and reflect the individual views of the authors and not official points of view adopted by AAAS or the institutions with which the authors are affiliated. 


INFORMATION FOR AUTHORS See pages 678 and 679 of the 6 February 2015 issue or access www.sciencemag.org/about/authors 


206 = 15 JANUARY 2016 + VOL 351 ISSUE 6270 


Published by AAAS 


SENIOR EDITORIAL BOARD 


Robert H. Grubbs, California Institute of Technology, Gary King, Harvard University 
Susan M. Rosenberg, Baylor College of Medicine, Ali Shilatifard, Northwestern University 
Feinberg School of Medicine, Michael S. Turner, U. of Chicago 


BOARD OF REVIEWING EDITORS (Statistics board members indicated with $) 


Adriano Aguzzi, U. Hospital Ziirich 

Takuzo Aida, U. of Tokyo 

Leslie Aiello, Wenner-Gren Foundation 

Judith Allen, U. of Edinburgh 

Sonia Altizer, U. of Georgia 

Sebastian Amigorena, Institut Curie 
Kathryn Anderson, Memorial 
Sloan-Kettering Cancer Center 

Meinrat O. Andreae, Max-Planck Inst. Mainz 
Paola Arlotta, Harvard U. 

Johan Auwerx, EPFL 

David Awschalom, U. of Chicago 

Clare Baker, University of Cambridge 

Jordi Bascompte, University of Zurich 
Facundo Batista, London Research Inst. 

Ray H. Baughman, U. of Texas, Dallas 

David Baum, U. of Wisconsin 

Carlo Beenakker, Leiden U. 

Kamran Behnia, ESPC/-ParisTech 

Yasmine Belkaid, NIAID, NIH 

Philip Benfey, Duke U. 

May Berenbaum, U. of Illinois 

Gabriele Bergers, U. of California, San Francisco 
Bradley Bernstein, Massachusettes General Hospital 
Peer Bork, EMBL 

Bernard Bourdon, Ecole Normale Supérieure de Lyon 
Chris Bowler, Ecole Normale Supérieure 

lan Boyd, U. of St. Andrews 

Emily Brodsky, U. of California, Santa Cruz 
Ron Brookmeyer, U. of California Los Angeles ($) 
Christian Biichel, U. Hamburg-Eppendorf 
Joseph A. Burns, Cornell U. 

Carter Tribley Butts, U. of California, Irvine 
Gyorgy Buzsaki, New York U. School of Medicine 
Blanche Capel, Duke U. 

Mats Carlsson, U. of Oslo 

Ib Chorkendorff, U. of Denmark 

David Clapham, Children's Hospital Boston 
Joel Cohen, Rockefeller U., Columbia U. 
James J. Collins, MIT 

Robert Cook-Deegan, Duke U. 

Lisa Coussens, Oregon Health & Science U. 
Alan Cowman, Walter & Eliza Hall Inst. 
Robert H. Crabtree, Vale U. 

Roberta Croce, Vrije Universiteit 

Janet Currie, Princeton U. 

Jeff L. Dangl, U. of North Carolina 

Tom Daniel, U. of Washington 

Frans de Waal, Emory U. 

Stanislas Dehaene, Collége de France 
Robert Desimone, MIT 

Claude Desplan, New York U. 

Dennis Discher, U. of Pennsylvania 

Gerald W. Dorn II, Washington U. School of Medicine 
Jennifer A. Doudna, U. of California, Berkeley 
Bruce Dunn, U. of California, Los Angeles 
William Dunphy, Caltech 

Christopher Dye, WHO 

Todd Ehlers, U. of Tuebingen 

David Ehrhardt, Carnegie Inst. of Washington 
Tim Elston, U. of North Carolina at Chapel Hill 
Gerhard Ertl, Fritz-Haber-Institut, Berlin 
Barry Everitt, U. of Cambridge 

Ernst Fehr, U. of Zurich 

Anne C. Ferguson-Smith, U. of Cambridge 
Michael Feuer, The George Washington U. 
Toren Finkel, NHLBI, NIH 

Kate Fitzgerald, U. of Massachusetts 

Peter Fratzl, Max-Planck Inst. 

Elaine Fuchs, Rockefeller U. 

Daniel Geschwind, UCLA 

Karl-Heinz Glassmeier, TU Braunschweig 
Ramon Gonzalez, Rice U. 

Julia R. Greer, Caltech 

Elizabeth Grove, U. of Chicago 

Nicolas Gruber, ETH Zurich 

Kip Guy, St. Jude's Children’s Research Hospital 
Taekjip Ha, U. of Illinois at Urbana-Champaign 
Christian Haass, Ludwig Maximilians U. 
Michael Hasselmo, Boston U. 

Martin Heimann, Max-Planck Inst. Jena 

Yka Helariutta, U. of Cambridge 

James A. Hendler, Rensselaer Polytechnic Inst. 
Janet G. Hering, Swiss Fed. Inst. of Aquatic 
Science & Technology 

Kai-Uwe Hinrichs, U. of Bremen 

David Hodell, U. of Cambridge 

David Holden, Imperial College 

Lora Hooper, UT Southwestern Medical Ctr. at Dallas 
Tamas Horvath, Vale University 

Raymond Huey, U. of Washington 

Auke ljspeert, EPFL Lausanne 

Steven Jacobsen, U. of California, Los Angeles 
Stephen Jackson, U. of Arizona 

Kai Johnsson, EPFL Lausanne 

Peter Jonas, Inst. of Science & Technology (IST) Austria 
Matt Kaeberlein, U. of Washington 

William Kaelin Jr., Dana-Farber Cancer Inst. 
Daniel Kahne, Harvard U. 

Daniel Kammen, U. of California, Berkeley 
Masashi Kawasaki, U. of Tokyo 

V. Narry Kim, Seoul National U. 

Joel Kingsolver, U. of North Carolina at Chapel Hill 
Robert Kingston, Harvard Medical School 
Etienne Koechlin, Ecole Normale Suprieure 
Alexander Kolodkin, Joins Hopkins U. 


BOOK REVIEW BOARD 


Thomas Langer, U. of Cologne 

Mitchell A. Lazar, U. of Pennsylvania 

David Lazer, Harvard U. 

Thomas Lecuit, IBD 

Virginia Lee, U. of Pennsylvania 

Stanley Lemon, U. of North Carolina at Chapel Hill 
Ottoline Leyser, Cambridge U. 

Wendell Lim, U.C. San Francisco 

Marcia C. Linn, U. of California, Berkeley 
Jianguo Liu, Michigan State U. 

Luis Liz-Marzan, CIC biomaGUNE 

Jonathan Losos, Harvard U. 

Ke Lu, Chinese Acad. of Sciences 

Christian Liischer, U. of Geneva 

Laura Machesky, CRUK Beatson Inst. 

for Cancer Research 

Anne Magurran, U. of St. Andrews 

Oscar Marin, CSIC & U. Miguel Hernéndez 
Charles Marshall, U. of California, Berkeley 

C. Robertson McClung, Dartmouth College 
Graham Medley, U. of Warwick 

Tom Misteli, NCI 

Yasushi Miyashita, U. of Tokyo 

Mary Ann Moran, U. of Georgia 

Richard Morris, U. of Edinburgh 

Alison Motsinger-Reif, NC State U. ($) 
Thomas Murray, The Hastings Center 

Daniel Neumark, U. of California, Berkeley 

Kitty Nijmeijer, U. of Twente 

Par Nordlund, Karolinska Inst. 

Helga Nowotny, Furopean Research Advisory Board 
Ben Olken, MIT 

Joe Orenstein, U. of California 

Berkeley & Lawrence Berkeley National Lab 

Harry Orr, U. of Minnesota 

Andrew Oswald, U. of Warwick 

Steve Palumbi, Stanford U. 

Jane Parker, Max-Planck Inst. 

of Plant Breeding Research 

Giovanni Parmigiani, Dana-Farber Cancer Inst. (S) 
John H. J. Petrini, Memorial Sloan-Kettering 
Cancer Center 

Samuel Pfaff, Salk Institute for Biological Studies 
Joshua Plotkin, U. of Pennsylvania 

Albert Polman, FOM Institute AMOLF 

Philippe Poulin, CNRS 

Jonathan Pritchard, Stanford U. 

David Randall, Colorado State U. 

Felix Rey, Institut Pasteur 

Trevor Robbins, U. of Cambridge 

Jim Roberts, Fred Hutchinson Cancer Research Ctr. 
Barbara A. Romanowicz, U. of California, Berkeley 
Amy Rosenzweig, Northwestern University 

Mike Ryan, U. of Texas, Austin 

Mitinori Saitou, Kyoto U. 

Shimon Sakaguchi, Kyoto U. 

Miquel Salmeron, Lawrence Berkeley National Lab 
Jiirgen Sandkiihler, Medical U. of Vienna 
Alexander Schier, Harvard U. 

Vladimir Shalaev, Purdue U. 

Robert Siliciano, Johns Hopkins School of Medicine 
Denis Simon, Arizona State U. 

Uri Simonsohn, U. of Pennsylvania 

Alison Smith, John Innes Centre 

Richard Smith, U. of North Carolina (S) 

John Speakman, U. of Aberdeen 

Allan C. Spradling, Carnegie Institution 

of Washington 

Jonathan Sprent, Garvan Inst. of Medical Research 
Eric Steig, U. of Washington 

Paula Stephan, Georgia State U. and National Bureau 
of Economic Research 

Molly Stevens, Imperial College London 

V. S. Subrahmanian, U. of Maryland 

Ira Tabas, Columbia U. 

Sarah Teichmann, Cambridge U. 

John Thomas, North Carolina State U. 

Shubha Tole, Tata Institute of Fundamental Research 
Christopher Tyler-Smith, The Wellcome Trust 
Sanger Inst. 

Herbert Virgin, Washington U. 

Bert Vogelstein, Johns Hopkins U. 

Cynthia Volkert, U. of Gattingen 

Douglas Wallace, Dalhousie U. 

David Wallach, Weizmann Inst. of Science 

lan Walmsley, U. of Oxford 

Jane-Ling Wang, U. of California, Davis ($) 

David A. Wardle, Swedish U. of Agric. Sciences 
David Waxman, Fudan U. 

Jonathan Weissman, U. of California, San Francisco 
Chris Wikle, U. of Missouri ($) 

lan A. Wilson, The Scripps Res. Inst. ($) 

Timothy D. Wilson, U. of Virginia 

Rosemary Wyse, Johns Hopkins U. 

Jan Zaanen, Leiden U. 

Kenneth Zaret, U. of Pennsylvania School of Medicine 
Jonathan Zehr, U. of California, Santa Cruz 

Len Zon, Children’s Hospital Boston 

Maria Zuber, MIT 


David Bloom, Harvard U., Samuel Bowring, MIT. Angela Creager, Princeton U., 
Richard Shweder, U. of Chicago, Ed Wasserman, DuPont 


sciencemag.org SCIENCE 


PHOTOS: (RIGHT) CHRISTOPHER REIGER; (INSET) FRANCISBLACK/ISTOCKPHOTO.COM 


EDITORIAL 


Empowering great teachers 


ong ago, U.S. business learned the benefits of con- 
stantly soliciting advice from workers on the shop 
floor by studying the startling success of the Japa- 
nese automobile industry. But the vast majority 
of U.S. school districts have remained hierarchi- 
cal operations that ignore the wisdom available 
from their best classroom teachers. After decades 
of failed top-down solutions, now is the time to create 
a massive national move- 
ment that empowers and 
deeply respects our teachers. 
Scientists and science teach- 
ers can lead the way. 
Producing an_ effective 
system of education is an ex- 
tremely complex endeavor. 
Yet despite this complex- 
ity, U.S. policy-makers have 
been employing one sim- 
plistic top-down solution 
after another in attempts to 
improve schools. The most 
recent fiasco has been the 
high-stakes test-based ac- 
countability introduced by 
the federal government’s 
No Child Left Behind Act of 
2001. Against the advice of 
experts, the nation has even 
been mistreating teachers by 
grading them according to 
the annual test gains of their 
students, ignoring dominant out-of-school influences 
as well as research showing that teacher differences ac- 
count for only about 10% of the variance in student test 
score gains in a single year.* Perhaps not surprisingly, the 
job satisfaction reported by U.S. teachers has fallen from 
62 to 39% in 5 years, and the number of young Ameri- 
cans planning teaching careers has plummeted. How 
can the United States learn from this failure and make 
a new start, now that the Every Student Succeeds Act of 
2015 has repealed many of the 2001 act’s most harmful 
features? It is way past time to create a major national 
movement that aims to have outstanding experienced 
teachers provide effective, regular input that powerfully 
steers their school district’s (and their state’s) policies 
and practices, while remaining in their classrooms with 
at least a part-time schedule. 
Today’s students need to learn how to work collabora- 
tively and to communicate effectively using evidence and 


“now is the time to create 
a..national movement that 
empowers...our teachers.” 


logic, while sorting, analyzing, and critiquing informa- 
tion. A skilled, experienced teacher creates appropriate 
challenges for each student, constantly suggesting ideas 
and connections to follow. A wise friend, with decades 
of leadership experience in my local public school sys- 
tem, is convinced that “experienced, effective teachers 
are a vastly underutilized resource in education sys- 
tems...perhaps the only resource that can truly create the 
change and improvements 
that students and teachers 
deserve.” But such teachers 
are rarely used appropri- 
ately, and they can even be 
resented by school system 
bureaucracies. 

Launching an _ effective 
national movement to em- 
power teachers will require 
casting a wide net to select 
specific strategies. Such an 
effort should begin by seek- 
ing advice from the best 
teachers. This can be done 
immediately for science, 
where an appropriate set of 
networks already exists. The 
organizations that oversee 
these networks would then 
form a consortium to select, 
and strongly advocate for, a 
small set of specific policies. 
Collaborations will need to 
be developed with national institutions that represent 
other critical aspects of the U.S. education system—in 
particular, superintendents, principals, teachers’ unions, 
school boards, education schools, parent organizations, 
and community groups. Such a national movement 
could, for example, develop a merit-based system for 
selecting lead teachers, define specific roles for them in 
schools and school districts, and find ways for them to be 
paid to stay in the classroom with part-time administra- 
tive/professional development roles (rather than being 
enticed with raises to permanently leave school sites). 
The situation is urgent: Unless the United States can 
make dramatic advances in empowering its teachers, the 
nation will never have public school systems that make 
the best decisions for their students. Nor will it be able to 
attract and retain the highly talented teacher corps that 
every nation needs.t 

- Bruce Alberts 


*E. H. Haertel, 2013; www.ets.org/s/pdf/23497_Angoff%20Report-web.pdf. tThis editorial is based on B. Alberts, in Past as Prologue: 
The National Academy of Education at 50, Members Reflect, 2015; www.naeducation.org/cs/groups/naedsite/documents/webpage/ 


naed_169315.pdf. 
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The Milky Way grew out as it grew up 


stronomers have long predicted that the oldest stars in our 
Milky Way galaxy are in the center, whereas its outer envi- 
rons are full of younger objects. Now, a team of astronomers 
has mapped out this prediction in exquisite detail, as they 
reported last week at the American Astronomical Society 
meeting in Kissimmee, Florida. The team used the Sloan 
Digital Sky Survey (SDSS), a 2.5-meter telescope at the Apache Point 
Observatory in Sunspot, New Mexico, to determine the masses of red 
giant stars scattered throughout the Milky Way. Red giant stars are 
bright stars nearing the end of their lives; the older the red giant, 
generally speaking, the lower its mass. But the SDSS cannot measure 
mass directly. So the team combined the spectra of light emitted by 
the red giants with data from NASA’s exoplanet-hunting Kepler ob- 
servatory; from this, they calculated the masses of 70,000 red giants 
across a large swath of the Milky Way. In the map (above) the focus 
with lines coming out of it is the location of Earth. To its right are 
older stars (red) around the galactic center and to its left are younger 
(blue) stars in the outer parts of the disk. 
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U.S. District Court Judge Peter Messite, sentencing former U.S. National Institute 

of Standards and Technology (NIST) police officer Christopher Bartley to 42 months 

in jail. Bartley claimed he cooked methamphetamine in a NIST building as research to 
train officers about meth. 


Furor over Indian conference 


MYSURU, INDIA | For the second year 
running, the Indian Science Congress, 
held last week, has drawn condemnation 
and scorn from the country’s prominent 
scientists. Amid the legitimate science, 

a few talks were beyond the pale, some 
researchers say, including a 5 January 
lecture on the supposed health benefits 
of blowing a conch shell, and a sched- 
uled (but not presented) paper on how 
the Hindu god Shiva was the “greatest 
environmentalist in the world.” Nobel 
laureate Venkatraman Ramakrishnan, a 
biologist at the University of Cambridge 
in the United Kingdom, told The Times 
of India that the congress was a “circus” 
and said he would never again attend one. 
Biologist P. M. Bhargava, founder of the 
Centre for Cellular and Molecular Biology 
in Hyderabad, told the paper that the 
event had deteriorated over the years and 
was now “an absolute waste of money.” 
http://scim.ag/IndSciCong 


Weighing a threat to bees 


WASHINGTON, D.c. | The U.S. 
Environmental Protection Agency (EPA) has 
for the first time evaluated the risk posed 
by a pesticide to honey bee colonies. When 
residues of imidacloprid in plant nectar 

or pollen exceed 25 parts per billion, they 
would likely harm the colonies, leading 

to fewer pollinators or less honey, EPA 
concluded last week in a draft assessment. 
Imidacloprid belongs to a controversial 
group of pesticides called neonicotinoids 
(Science, 10 May 2013, p. 674). Some U.S. 


i } & > 
EPA gauged the risk of a pesticide to honey bees. 
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Haze from peat and forest fires smothered much 
of western Indonesia last fall, including the city of 
Palangkaraya on the island of Borneo. 


Hazardous haze again threatens Southeast Asia 


orest fires and peat fires in Indonesia blanketed Southeast 
Asia in a thick, acrid haze from August through October last 
year. A brief rainy season this winter offered a temporary 
respite, but the region is beginning to dry out, thanks to this 
year’s strong El Niho—and another bout of haze could form 
as early as next month. “This is a very big issue,” says Mikinori 
Kuwata, an atmospheric chemist with the Earth Observatory of 
Singapore at Nanyang Technological University; the haze may not 
only be a health hazard, he says, but the particulates in the haze 
may also reduce rainfall, ultimately eroding food security. Kuwata 


crops, such as citrus trees, may have danger- 
ous residues, EPA noted, but the level of 
imidacloprid is lower in crops such as corn 
that do not produce nectar. Environmental 
groups and some scientists say the proposed 
threshold is too high, objecting that EPA 
relied on a single study conducted by a pes- 
ticide company. (EPA considered more than 
75 studies, but found only the industry study 
acceptable for reanalysis of raw data.) “It’s 
completely inadequate,” says Chris Connolly 
of the University of Dundee in the United 
Kingdom. Bayer CropScience welcomed 
EPA's “science-based apprach.” EPA will 
accept public comments for 60 days, and 
plans to release preliminary assessments for 
three other neonicotinoids in December. 


Singapore boosts science 
SINGAPORE | On 8 January, Singapore’s 
government announced that it will spend 
19 billion Singapore dollars ($13.2 bil- 
lion) on R&D from 2016 to 2020. The 


SCIENCE sciencemag.org 


Research Innovation Enterprise 2020 Plan, 
or RIE2020, is an 18% increase over the 
previous 5-year cycle. “This is an assur- 
ance of sustained support for research in 
Singapore,” says Chorh Chuan Tan, president 
of the National University of Singapore 

and deputy chairman of the government- 
backed Agency for Science, Technology and 
Research (A*STAR). The biggest share—21% 
of the budget—will go to health and bio- 
medical sciences. That will help address one 
of Singapore’s pressing issues: meeting the 
needs of a rapidly aging population. The 
budget also boosts A*STAR’s high-profile 
Biopolis research complex, and places a 
priority on advanced manufacturing tech- 
nologies, with emphasis on boosting the 
aerospace, electronics, chemical, pharma- 
ceutical, and marine sectors. 


Outbreak response revamp urged 


NEW YorRK city | Areport by a high-profile 
commission urges the world to revamp how 
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and others are trying to crack the riddle of haze chemistry to 
better understand its impacts. “The combination of peatland 

and forest fires leads to a unique composition of the haze,” says 
Rajasekhar Balasubramanian, an environmental engineer at 

the National University of Singapore who is studying how haze 
particles behave in the lungs. The chemistry of peat varies at 
different locations—and at different depths—so that each haze 
event has a different chemical fingerprint. That, Balasubramanian 
says, complicates efforts to track smoke constituents and their 
interactions with the atmosphere and sunlight. 


it collectively responds to infectious disease 
crises, “one of the biggest risks facing 
humankind.” Sponsored by seven leading 
philanthropies and the U.S. government, The 
Neglected Dimension of Global Security rec- 
ommends that the world spend about $4.5 
billion more each year to bolster the ability 
of countries to respond to outbreaks, pri- 
marily by building their own public health 
infrastructures. Roughly $1 billion would go 
toward accelerating R&D for new vaccines 
and drugs, suggests the report, written by 
an independent commission organized with 
help from the U.S. National Academy of 
Medicine and released 13 January. Similar 
to other recent reports written in the wake 
of what the commission called the “slug- 
gish, ill-coordinated, and clumsy” response 
to Ebola, the report urges the World Health 
Organization to “make significant changes,” 
including the formation of a new Center for 
Health Emergency Preparedness and a $100 
million contingency fund to help member 
states mount emergency responses rapidly. 
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FINDINGS 


Soda tax leads to lower sales 


In 2012, the first year of Mexico’s national 
tax on soda and other sugar-sweetened bev- 
erages, purchases of those goods fell by an 
average of 6%, according to a study in The 
BMJ last week. Mexico’s example shows “a 
taxation policy can work” to reduce sugary 
beverage consumption, says Shu Wen Ng, a 
health economist at the University of North 
Carolina, Chapel Hill, who co-authored the 
paper. The drop in soda purchases acceler- 
ated over time, reaching 12% by December 
2014. Low-income households altered their 
behavior the most. Still, “it’s too early to tell” 
whether Mexico’s tax will help reduce the 
country’s high rates of obesity and diabetes, 
Ng says. Tom Sanders, a nutritional scientist 
at King’s College London, says the drop 
averages to about one sugar cube per day, 
“which is a drop in the caloric ocean. Long- 
term reductions in total energy in the range 


Levels of nitrogen and other nutrients in leaves 
offer clues to the health of seagrass meadows, 
such as this one on the coast of Wales. 


of 300-500 [calories per day] are probably 
needed to prevent obesity.” 


NEWSMAKERS 


Three Q’s 


Qais Rasheed is the chairman of Iraq’s 
State Board of Antiquities and Heritage. 
Science spoke with him recently in his 
office at The Iraq Museum in Baghdad 
about the Islamic State (IS) group, the 
museum, and more. 


Q: Much of northern Iraq is under the control 
of the IS group. What is your biggest worry? 
A: Our biggest concern is that ISIS [the 
group] will set booby traps at ancient sites 
in Mosul. After its liberation, we will send 
in teams to assess the damage. It will not 
be easy or even possible to rebuild, and 
we will need an international campaign to 
assist in conservation. 


Q: You recently reopened the Iraq Museum, 
which was closed for 12 years following its 
2003 looting. How many visitors do you have, 
and how many objects are on display? 

A: On average we have about 400 people 
a day. For Iraqis, the entrance fee is 2000 
Iraqi dinar [$1.80] and 250 Iraqi dinar 
[$0.23] for school children. We have some 
10,000 objects on display, and about 
500,000 in storage, but we don’t yet have 
a full inventory. 


Q: How strongly does the government support 
antiquities and heritage? 

A: Antiquities rank at the bottom of the 
list of government priorities. There is a 
very limited budget. For 2015, we had 

67 billion Iraqi dinar [$61 million] and 
63 billion Iraqi dinar [$57 million] of that 
goes to salaries. There’s not much left for 
conservation and excavation. We do have 
some financial support from Japan, Italy, 
and the United States. 


BY THE NUMBERS 


3% 


Decline in U.S. cancer death rates 
between 1991 and 2012, according to 
anew report by the American Cancer 

Society. The reduction is due to a 

combination of less smoking, better 
care, and better screening. 


million 


U.K. seagrass meadows suffering 


elgrass (Zostera marina) provides important habitat for young fish, shrimp, 

mussels, and other organisms living along the North Atlantic and North Pacific 

coastlines. But excess nutrients pouring into the sea are degrading this habitat, 

especially near cities, crops, or livestock: The nutrients spur the growth of algae 

and phytoplankton, which can smother the grass and dim the sunlight it needs to 
grow. Seagrass around the United Kingdom is in a particularly bad state, researchers 
report this week in Royal Society Open Science. They measured nutrient levels in leaf 
tissue at 11 locations around the U.K. coast, and discovered that, on average, nitrogen 
was 75% higher than reported in Z. marina elsewhere in the world. Phosphorus, mean- 
while, was lower—both indications of poor water quality. In addition, boat moorings 
and anchors and bait-digging during low tides have damaged many seagrass mead- 
ows. “There's a lack of recognition of how degraded the marine habitats are in the 
U.K.,” says co-author and marine ecologist Richard Unsworth of Swansea University in 
the United Kingdom, who has set up a conservation group called Project Seagrass to 
study techniques to restore seagrass meadows. 


Record-setting number of hectares 
of U.S. land burned by wildfires 
(about half of them in Alaska) in 
2015, according to the National 
Interagency Fire Center in Boise. 


S00 


Force, in multiples of a cockroach's 
body weight, needed to smash 
the insects, as reported last week 
at the Society for Integrative and 
Comparative Biology meeting in 
Portland, Oregon. 
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New observations reveal that 

primordial stars seeded early galaxies 
(shown forming in this computer 
simulation) with the first heavy elements. 


Astronomers see ashes of the first stars 


Primordial clouds show how giant stars forged the heavy elements that fill today’s universe 


By Daniel Clery, in Kissimmee, Florida 


he universe of today is a rich banquet 
of elements, from the silicon and oxy- 
gen in rocky planets to the carbon 
and nitrogen in our bodies. But in its 
early days, the cosmic offerings were 
monotonous: mostly hydrogen, some 
helium, and a pinch of lithium, all made in 
the big bang. At a meeting of the American 
Astronomical Society (AAS) here last week, 
researchers announced that they have seen 
signs of how, starting in those early days, 
truly monstrous stars 100 times as massive 
as our sun began transforming those simple 
ingredients into today’s feast of elements. 
Until recently, says astronomer John 
O’Meara of Saint Michael’s College in Col- 
chester, Vermont, this ancient—hence 
distant—epoch remained in “the realm of 
computer simulations.” But now, teams us- 
ing some of the world’s biggest telescopes 
are beginning to probe it by studying light 
from ancient quasars, superbright galaxy 
cores that shone in the early universe. As the 
light passes through clouds of gas en route to 
Earth, the gas absorbs specific wavelengths, 
creating an absorption spectrum that reveals 
what the cloud was made of and how new 
ingredients were added to the early universe. 
These elements were forged in the earliest 
stars, which formed about 150 million years 
after the big bang and were unlike any today. 
They were giant puffballs, made from gas so 
hot that it was slow to compress to the den- 
sity needed to ignite fusion in their cores. 
These unlit protostars kept piling on mass 
until, finally, their cores became hot and 
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dense enough to ignite. Because they had be- 
come so huge, these giants—known as popu- 
lation III stars—burned hot and fast; after 
only a few million years their cores ran out 
of fuel, collapsed, and exploded. But in the 
meantime, their fusion furnaces had forged 
hydrogen into numerous heavier elements, 
and their end-of-life explosions—while mak- 
ing still more elements—helped to spread 
them across the cosmos. 

That was the beginning of the process by 
which the pristine gas clouds from the big 
bang have become “enriched” with heavier 
elements (which astronomers call “metals”)— 
a process that continues in stars today and 
provided the ingredients for planets and life. 

In 2011, O’Meara and colleagues used 
quasar spectra to discover two gas clouds at 
the very beginning of this process: They ap- 
peared completely devoid of elements heavier 
than hydrogen (Science, 2 December 2011, 
p. 1245). These clouds existed about 2 billion 
years after the big bang—long after the first 
population III stars ignited—showing that 
some pristine clouds survived to that later 
time. Then last year, a team led by David 
Sobral of the University of Lisbon detected a 
bright galaxy just a billion years after the big 
bang that seemed to have some stars made 
from hydrogen, helium, and nothing else. 

Now, O’Meara and his colleagues at 
Swinburne University of Technology, Haw- 
thorn, in Australia have found a gas cloud 
that existed when the universe was 1.8 bil- 
lion years old and has just a wisp of heavier 
elements: 1/3000 of the level in our solar 
system. This suggests that it contains only 
the remains of population III stars dis- 
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persed by their violent deaths. 

The team identified the cloud in qua- 
sar spectra collected using high-resolution 
spectrographs on the Keck telescopes in Ha- 
waii and the Very Large Telescope in Chile. 
They focused on a portion of the spectrum 
that is so crammed with absorption lines 
from hydrogen gas clouds that it is known as 
the Lyman-a forest. “We dared to go down 
into the weeds and study a few hundred 
quasars,’ O’Meara says. It took considerable 
modeling to derive element abundances 
from the spectral lines. “This is a prototype 
of a new avenue of study,’ he says. 

“Tt’s quite exciting,” says Sobral, now at the 
United Kingdom’s Lancaster University. “It 
shows that extremely metal-poor clouds exist 
even out at [1.8 billion years].” Avi Loeb, chair 
of Harvard University’s astronomy depart- 
ment, says such studies help answer the 
question of when life could have arisen in the 
universe. There has to be carbon and oxygen, 
but at what stage are they abundant enough? 
“We're getting close to the sensitivity to probe 
the transition between the formation of mas- 
sive [population III] stars and those similar 
to what we have around today.” 

Teasing the faint fingerprints of the first 
heavy elements from light that has crossed 
the universe taxes today’s most powerful 
instruments. Researchers hope to probe 
deeper into the workings of early stars with 
the James Webb Space Telescope, due for 
launch in 2018, and the next generation of 
giant ground-based telescopes in the 2020s. 
“This is a really exciting game to play with 30- 
meter telescopes. There will be no problem 
doing thousands of spectra,’ O’Meara says. & 
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Regulators seek to tame brain 
training s ‘Wild West’ 

$2 million fine for Lumosity is latest shot at claims of 
cognitive benefits from games and apps 


By Emily Underwood 


f you watch cable TV news or listen to 

NPR, you’ve likely been barraged with 

ads for Lumosity, a set of digital “brain- 

training” games that, for $14.95 a month, 

purportedly sharpens the mind based 

on the “science of neuroplasticity.” By 
playing the games for just 10 to 15 min- 
utes per day several days a week, the ads 
claim, consumers can improve their per- 
formance in work and school, and perhaps 
even stave off Alzheimer’s and other serious 
medical conditions. 

Last week Lumosity hit the news for a 
different reason, as the Federal Trade Com- 
mission (FTC) made it the latest target in a 
crackdown on companies selling products 
that purportedly enhance memory, provide 
some other cognitive benefit, or reduce the 
serious side effects of dementia. It fined the 
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games’ maker, Lumos Labs, Inc., $2 million 
for false advertising and required it to cre- 
ate a pop-up screen that alerts players to 
FTC’s order and allows them to avoid fu- 
ture billing. 

It’s the third FTC complaint against the 
industry in 4 months, and many neuro- 
scientists and psychologists say action is 
long overdue. Still, some worry that games 
based on solid science may be unfairly 
tarnished, and that the agency may be im- 
posing a standard of evidence that game 
developers can’t meet. 

Both FTC and the Food and Drug Admin- 
istration (FDA) have authority to regulate 
brain-training games and apps, but FTC is 
particularly interested in deceptive advertis- 
ing practices, says Michelle Rusk, a spokes- 
person with FTC in Washington, D.C. For 
some time now, FTC has been “concerned 
about some of the claims we're seeing out 
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there,” she says. After evaluating the few 
available studies on Lumos Labs’s products 
as well as the broader literature on brain- 
training games, “our assessment was they 
didn’t have adequate science for the claims 
that they're making,” she says. “The most that 
they have shown is that with enough practice 
you get better on these games, or on similar 
cognitive tasks ... there’s no evidence that 
training transfers to any real-world setting.” 

Susanne Jaeggi, a psychologist at the Uni- 
versity of California (UC), Irvine, agrees, say- 
ing, “there’s little to no evidence” Lumosity 
works the way the company says it does. Lu- 
mos Labs’s claims of benefitting seriously ill 
people, and its use of testimonials solicited 
from customers via prize contests, are “egre- 
gious” examples of irresponsible advertising, 
adds Michael Merzenich, a neuroscientist at 
UC San Francisco and co-founder of Posit 
Science, which develops a different type of 
brain-training software. 

Although Lumos Labs is not granting 
interviews, a company statement says its 
games are based on rigorous science. (One 
of its owners, Michael Scanlon, left a Stan- 
ford University Ph.D. program in neuro- 
science in 2005 to start the company.) The 
statement cites the company’s recent study 
in the journal PLOS ONE, showing that 4700 
participants who trained with Lumosity for 
10 weeks showed small improvements on an 
aggregate assessment of cognition. 

Although Jaeggi is skeptical of Lumos 
Labs’s claims, she says “we have to be care- 
ful not to overgeneralize.” There is “grow- 
ing evidence” that brain-training games 
related to skills such as working memory— 
the short-term ability to learn and use new 
information—“can be beneficial for a vari- 
ety of tasks,” she says. Some 70 prominent 
researchers came to the defense of Carrot 
Neurotechnology in 2015 after FTC fined 
Aaron Seitz, a psychologist at UC Riverside, 
and his partner $75,000 each for ads promot- 
ing the company. Now called Ultimeyes, the 
company sells a training program aimed at 
improving visual acuity by increasing the ef- 
ficiency with which the brain processes infor- 
mation from the eyes. The agency took aim 
at assertions that the app improved acuity 
by an average of 31%—a figure plucked from 
Seitz’s small, peer-reviewed study in Current 
Biology in February 2014, which tracked a 
baseball team’s performance after training 
on the app. Such claims must be supported 
with statistically significant results from ran- 
domized, blinded, placebo-controlled human 
clinical trials, the agency said. 

Although some of Ultimeyes’s claims were 
too strong, its defenders concede, they say 
the app’s basic scientific premise is based 
on decades of research in vision science and 
has been vetted by top experts in the field. 
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“Carrot Neurotechnology has been a model 
for presenting well researched methods,’ 
wrote Michael Posner, an emeritus profes- 
sor at the University of Oregon, Eugene, 
in public comments on the FTC website. 
Daphne Bavelier, a cognitive neuroscientist 
at the University of Rochester in New York, 
wrote to FTC that the double-blind stan- 
dard “is untenable in the case of behavioral 
interventions—patients cannot be blind to 
the game they are asked to play or the exer- 
cises they are asked to do.” 

Rusk notes FTC does not expect trials for 
such apps to be of the size, scale, and dura- 
tion that are typically needed for FDA drug 
approval. But “they do have to have a valid 
design and be reliably conducted,” she says. 

The debate about FTC’s actions mirrors 
a larger scientific dispute: whether any 
brain-training game, or even such venerated 
activities as playing the violin, can provide 
general cognitive benefits. Several meta- 
analyses have found little to no evidence 
that brain-training provides any real-world 
benefits, says Randall Engle, a psychologist 
at the Georgia Institute of Technology in 
Atlanta. In a 2014 consensus statement, re- 
searchers at Stanford University in Palo Alto, 
California, and the Max Planck Institute in 


“The most that they 

have shown is that with 
enough practice you get 
better on these games, or 
on similar cognitive tasks 
... there’s no evidence that 
training transfers to any 
real-world setting.” 


Michelle Rusk, Federal Trade Commission 


Berlin, said there is “little evidence that play- 
ing brain games improves underlying broad 
cognitive abilities, or that it enables one to 
better navigate a complex realm of every- 
day life” The Lumosity settlement—and 
FTC’s skepticism—is “fully consistent” with 
that conclusion, says Ulman Lindenberger, a 
psychologist at Max Planck. 

Merzenich remains confident that a 
few brain-training programs—including 
his own, called BrainHQ—are effective. 
Still, he and others are calling for an in- 
dependent scientific entity to evaluate 
companies’ claims, to sort the wheat from 
the chaff. Such a body of experts will likely 
form this year, he says. Until then, he says, 
it’s up to FTC to tame the brain-training in- 
dustry’s “Wild West.” & 
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SCIENTIFIC PUBLISHING 


Publishers embrace scheme to 
end name confusion 


ORCID gives every Smith and Wang a unique number 


By John Bohannon 


ame ambiguity can be a nuisance. 
If you are a Williams or a Johnson— 
among the most common surnames 
in the United States—it can be tricky 
to find you on the Internet, especially 
if you also have a common first name 
such as Mary or James. But for academic 
researchers, whose careers are measured 
largely by authorship on 
papers, name ambigu- 
ity can be a killer. For 
example, search for pa- 
pers by Weizhe Hong, a 
neuroscience postdoc at 
the California Institute of 
Technology in Pasadena, 


Who’s who? 


Asian names dominate a top 
10 list of ORCID users with 
identical monikers. 


based scientists make up the largest group, 
says Laurel Haak, ORCID’s executive direc- 
tor, who is located in Bethesda, Maryland. 
But “China is our No. 2 country,’ he says. 
Researchers with Asian names often face 
several ambiguity problems. Not only are 
certain surnames very common (see box, be- 
low), but transliteration to the Roman alpha- 
bet often results in multiple spellings. “And 
if you get married and change your name,” 
Hong says, “then you’ve 
got another problem.” 
ORCID will relieve 
these “pain points,” Haak 
says. Searching for papers 
with Hong’s ORCID num- 
ber, for instance, yields 
only his papers. But scien- 


GIVEN FAMILY 

using his last name and NAMES NAMES COUNT tists will have to do some 
initial, and you “get more Wei Wang 185 of the work. Although OR- 
than 10,000 hits” Hong CID will tag new papers, 
says. “It’s a disaster.” Yang Liu 161 researchers will have to 

Now, the _ scientific Wei Li 156 use the group’s website to 
community is coalesc- curate work. 
ing around what could Wei Zhang 149 ORCID is so far dodg- 
be a solution: a standard Jing Wangs ing another problem: 
system for giving every what to do about assign- 
researcher a unique iden- Lei Zhang 124 ing numbers to dead sci- 
tifying number that would : entists. That job may be 

° Lei Wang 19 : . 

map to all of their papers, left to private companies 
projects, and grants. In Yang Li 115 such as Elsevier, which 
a letter released online Li Li 113 has been steadily assign- 
7 January, some of the ing Scopus IDs to the 
world’s largest academic Jun Li 11 authors—many of them 


publishers and scientific 

societies announced that 

they will not just encourage, but ultimately 
require, researchers to sign up with ORCID 
(Open Researcher and Contributor ID), a 
nonprofit organization that assigns members 
a 16-digit identifier. 

The move gives ORCID a big boost in a 
long competition to set an ID standard. In 
2009, when ORCID was launched, several 
competing systems already existed. Publish- 
ing giant Thomson Reuters offered one called 
ResearcherID, while Elsevier offered Scopus. 
But those tagging systems were proprie- 
tary, so a group of scientific organizations— 
including the Wellcome Trust research char- 
ity and CrossRef, which provides the digital 
object identifier system for papers—decided 
to create a nonprofit alternative. 

ORCID now has about 2 million users. U.S.- 
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deceased—of millions of 

papers in their database 
that were published before 1996. That could 
keep the Scopus ID system relevant well into 
an ORCID-dominated future. 

The signers of the new pledge—the Ameri- 
can Geophysical Union, eLife, the European 
Molecular Biology Organization, Hindawi, 
the Institute of Electrical & Electronics En- 
gineers, the Public Library of Science, and 
the Royal Society—will mostly require the 
use of ORCID IDs by year’s end, although 
the Royal Society began the practice on 
1 January. AAAS (the publisher of Science and 
other journals), will also start requiring the 
use of ORCID IDs later this year, says Science 
Editor-in-Chief Marcia McNutt. The Springer 
Nature publishing company says it will con- 
tinue to encourage, but not require, the use 
of ORCID IDs in its 3000 journals. m 
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Female organs revealed as 
weapons in sexual arms race 


Researchers broaden their focus beyond male anatomy 


By Elizabeth Pennisi, in Portland, Oregon 


or decades, biologists have marveled 
at the diversity of penises across the 
animal kingdom-—straight, forked, 
spiraled, spiny. But in anatomy, as in 
other fields, females are getting more 
credit. A symposium during the an- 
nual meeting of the Society for Integrative 
and Comparative Biology held here last 
week was ostensibly about the male organ. 
But the complexity of some female genita- 
lia and their role in shaping phallic diver- 
sity stole the show. “Everyone feels females 
are the understudied sex,” says Teri Orr, a 
reproductive evolutionary ecologist at the 
University of Utah in Salt Lake City. 
Researchers studying whales, snakes, 
and other animals are finding that female 
sex organs have some of the same baroque 
complexity seen in males. They now see 
females as active participants in an arms 
race, likely evolving more complex genita- 
lia to help control mating and create barri- 
ers to forced matings, which in turn leads 
to male countermeasures. “It’s likely that 
female form and function drive male form 
and function,’ says Patricia Brennan, an 
evolutionary biologist at Mount Holyoke 
College in South Hadley, Massachusetts. 
Thirty years ago, the comparative 
evolutionary biology of intromittent 
organs—penises and their equivalents—was 
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born when evolutionary biologist William 
Eberhard at the Smithsonian Tropical Re- 
search Institute in Panama drew attention 
to the wild variations among male geni- 
talia. These come in all shapes and sizes, 
from modified anal fins to spiraling penises 
covered with hooks and spines. Eberhard 
wondered why and how this astonishing 
diversity had evolved. But he described the 
female equivalents as “relatively uniform,” 
a characterization that led other research- 
ers to ignore them. 

As Eberhard continued his studies of 
flies, wasps, and spiders, however, he be- 
gan to suspect that females might be more 


During copulation, 

the male garter snake 
uses one of his spiny 
penises to insert a plug 
into his partner. 
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Even though she’s surrounded by male suitors, a female 
garter snake may still have some control over mating. 


interesting than he first thought, in part 
because males in so many species rub, bite, 
eat, or otherwise interact with females dur- 
ing copulation, apparently to prevent them 
from sabotaging the act. He also wondered 
whether forced copulation might prompt 
females to evolve defensive strategies. 

That’s just what Brennan discovered in 
ducks in 2007. She showed that duck pe- 
nises are elaborately spiraled to get into the 
similarly twisted vaginas of potential mates, 
and suggested these elaborations arose 
through an anatomical arms race. To com- 
bat the forced matings common in ducks 
and so thwart insemination by a male not 
of her own choosing, females evolved ever 
more convoluted reproductive tracts; males 
evolved longer penises in response. At the 
time, researchers considered these compli- 
cated shapes a novelty among vertebrates. 

But it’s not just ducks, Sarah Mesnick 
reported at the meeting. Mesnick, a ma- 
rine biologist at the National Oceanic and 
Atmospheric Administration’s Southwest 
Fisheries Science Center in San Diego, Cali- 
fornia, started looking at cetacean genitalia 
as a way of gleaning clues about the mating 
systems of whale populations in decline. 
Over the past 10 years, she, graduate stu- 
dent Dara Orbach at Texas A&M University, 
Galveston, and their colleagues have exam- 
ined the vaginas of 24 whale and dolphin 
species by studying stranded specimens 
and reviewing the literature. They found 
internal folds that range from thin, leaflike 
structures to convoluted labyrinths. 

The finding supports 19th century anato- 
mists who had noted the folds, which some 
researchers explained as a mechanism for 
preventing seawater from seeping in and 
diluting or damaging sperm. But Mesnick 
and Orbach’s work, though still prelimi- 
nary, argues against that hypothesis: Some 
dolphins have very reduced folds despite 
mating in saltwater, the pair reported. 

Highly convoluted folds are found in 
species including the harbor porpoise and 
bowhead whale, which have relatively large 
testes—often a sign that each female mates 
with multiple males. The researchers sug- 
gest that the folds may give females some 
influence over which sperm fertilize their 
eggs: Like the duck’s corkscrew vagina, the 
folds create an additional “gauntlet” that 
the male must navigate to mate success- 
fully, Mesnick says. 

Because researchers are unable to get 
a close-up view of copulations, they can 
only guess at the detailed mechanics of 
the event. In whales and even in most ter- 
restrial vertebrates, “we have no idea how 
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male and female genitalia interact and 
how those interactions affect reproduc- 
tive success,” cautions Matthew Dean, an 
evolutionary biologist at the University of 
Southern California in Los Angeles. “But 
it’s superimportant.” 

At the meeting, some researchers re- 
ported initial steps in figuring out those 
details. Brennan is now studying the copu- 
latory tug-of-war in red-sided garter snakes, 
working with Christopher Friesen from the 
University of Sydney in Australia and oth- 
ers. In this species, males have spines at 
the tips of their penises, which may help 
them counteract a female tactic: contract- 
ing the opening of their reproductive tracts 
to push the penis out. As they finish copu- 
lating, male snakes deposit a plug of sperm 
and other material that may keep sperm 
from leaking out as well as prevent other 
males from transferring their own sperm. 

The researchers removed the penile 
spines from some males and anesthetized 
the openings of some females, then allowed 
the snakes to mate. The plugs—a mark of 
male success—were much bigger in males 
with spines and in anesthetized females that 
couldn’t expel the penis, Brennan, Friesen, 
and colleagues reported at the meeting. 
Thus, the male’s spines give him an edge, 
one that the female counters through her 
contractions. “It’s absolutely critical to look 
at these systems as pairs,” Kelly says. 

Orr is trying to determine whether her or- 
ganisms, bats, are in an arms race as well. 
She had been characterizing penile spines in 
the males, but she is now looking at females 
to see whether they have thicker vaginal lin- 
ings in species with bigger-spined males. 

As researchers delve into coevolved 
genital traits, they are realizing they need 
better ways to describe the details of the 
organs and the act of copulation. Dean and 
his colleagues have developed a grid system 
for pelvic bones that should provide a set 
of landmarks. So far they have measured 
the baculum, a bone in the penis of many 
mammals, and are beginning to describe 
diversity in the baubellum, a small bone 
in the clitoris of some mammals. The more 
precise measurements are helping Dean 
and others to better tease out the genetic 
underpinnings of male and female anat- 
omy, he says. 

Compared with penises, female organs are 
harder to map, and dissecting the intricate 
combination of behavior and anatomy in 
copulation is harder still. But Brian Lang- 
erhans, an evolutionary biologist at North 
Carolina State University in Raleigh, says 
both participants in nature’s crucial act are 
coming into focus. Five years from now, he 
predicts, “I don’t think we'll be talking about 
a lack of attention on females anymore.” & 
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Incandescent lights go green 


Photonic technology boosts efficiency of warm, wasteful bulbs 


By Robert F. Service 


homas Edison would be pleased. Re- 
searchers have come up with a way to 
dramatically improve the efficiency 
of his signature invention, the incan- 
descent light bulb. The approach uses 
nanoengineered mirrors to recycle 
much of the heat from the filament. The 
new-age incandescents are still far from a 
commercial product, but already they are 
nearly as efficient as commercial LED bulbs 
while retaining a warm, old-fashioned glow. 
“This is beautiful work,’ says Shawn-Yu 
Lin, an electrical engi- 
neer and optics expert 
at the Rensselaer Poly- 
technic Institute in Troy, 
New York. He and others 
note that there is plenty 
of room for further im- 
proving the mirrors, 
which could ultimately 
push the efficiency of 
the bulbs well beyond 
that of today’s lighting 
technologies. And _ be- 
cause lighting consumes 
11% of all electricity 
in the United States, 
any such improvement 
could help reduce car- 
bon dioxide emissions. 
Incandescent _ lights 
have changed little 
since Edison first perfected them. The bulbs 
send electricity through a curly tungsten 
filament; electrical resistance boosted by 
the long, twisting path heats the filament to 
some 3000 K, causing it to glow with warm, 
yellowish white light. Only about 2% of the 
energy fed into an incandescent is emit- 
ted as visible light; most emerges at longer 
infrared (IR) wavelengths and is wasted 
as heat. Other technologies do somewhat 
better. Compact fluorescent bulbs typically 
reach an efficiency between 7% and 13%; 
LEDs manage between 5% and 15%. But the 
most efficient ones don’t quite match the 
familiar glow of an incandescent. 
Researchers at the Massachusetts In- 
stitute of Technology in Cambridge led by 
physicists Ognjen Ilic, Marin Soljacic, and 
John Joannopoulos set out to boost incan- 
descent efficiencies with the help of an 
intricately structured material called a pho- 
tonic crystal. Photonic crystals can act as 
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In the reinvented bulb, photonic crystals 
flank a sheetlike tungsten filament. 


both filters and mirrors, depending on the 
wavelength. So the team set out to create 
one that would allow visible light to pass 
through while reflecting IR photons. The 
hope was that the filament would reabsorb 
the IR photons and re-emit some of that en- 
ergy as visible light. 

The researchers started with millimeter- 
thick sheets of glass and deposited 90 alter- 
nating layers of tantalum oxide and silicon 
dioxide, in thicknesses determined through 
extensive computer modeling. They also re- 
designed the bulb’s filament. In place of the 
curly wire, they folded a tungsten ribbon 
back and forth, creating 
a thin tungsten sheet. 
Electrons still follow a 
long, circuitous path 
that generates heat and 
light, but the larger sur- 
face area of the tung- 
sten sheet makes it 
easier for the metal to 
absorb the IR photons 
reflected by the pho- 
tonic crystals. 

The team flanked 
the sheetlike tungsten 
emitter with two sheets 
of the  glass-coated 
photonic crystals and 
turned on the power. 
As they report this 
week in Nature Nano- 
technology, the crystals 
allowed virtually all the visible light to 
pass through but reflected the majority of 
IR photons back to the emitter, where they 
were reabsorbed. The energy recycling 
ultimately improved the efficiency of the 
bulb to 6.6%, triple that of conventional 
light bulbs. “I think they can do even bet- 
ter than this,” says Alejandro Rodriguez, 
an electrical engineer and photonic crystal 
expert at Princeton University, perhaps by 
adding other materials and more complex 
structures to the crystals. 

Tlic and Soljaci¢ say with further engi- 
neering it may even be possible to reach 
efficiencies of 40%, far beyond what com- 
mercially available LEDs can muster. Then 
they will have to show that they can make 
their photon recyclers cheaply enough for 
a mass market. If the approach lives up to 
its promise, cutting-edge photonics could 
give Edison’s glowing filaments a new 
lease on life. m 
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SCIENTIFIC COMMUNITY 


Caltech suspends professor for harassment 


University restricts his access to graduate students after upholding their complaints 


By Jeffrey Mervis 


or what is believed to be the first time 

in its history, the California Institute 

of Technology (Caltech) in Pasadena 

has suspended a faculty member for 

gender-based harassment. The re- 

searcher has been stripped of his uni- 
versity salary and barred from campus for 
1 year, is undergoing personalized coaching 
to become a better mentor, and will need to 
prove that he has been rehabilitated before 
he can resume advising students without 
supervision. Caltech has not curtailed his 
research activities. 

The university has not disclosed the 
name of the faculty member, but Science has 
learned that it is Christian Ott, a professor 
of theoretical astrophysics who studies gravi- 
tational waves and other signals from some 
of the most violent events in the cosmos. 
Born and educated in Germany, Ott joined 
the Caltech faculty in 2009 and was awarded 
tenure in early 2014. 

According to Ott’s website, as of last week 
he was advising five graduate students. He 
is the principal investigator on two active 
grants from the National Science Founda- 
tion, including a prestigious, 5-year CAREER 
award for promising young in- 
vestigators. Part of that award 
helps support a summer 
workshop for dozens of grad- 


“[Caltech] has 


Christian Ott and other Caltech astronomers are 
housed in the Cahill Center on campus. 


in higher education. The university has re- 
leased neither the names of the complain- 
ants nor the details of the complaints. Two 
faculty members led a committee that found 
the complaints to be valid and recommended 
action. This past September the provost 
meted out the penalty, Harrison says, and an 
appeal was denied later that month. 

In an email to Science, Ott wrote that “I 
cannot comment on, confirm, or deny any- 
thing at this time.” 

The university issued a brief statement in 
late September saying only that there had 
been a “violation” of univer- 
sity harassment policies and 
that it had taken “disciplin- 
ary action.” More details be- 


uate students in astrophysics absolutely came known last week, after 
from around the world. a website posted a two-page 
The case comes to light no toler ance for letter from Caltech’s presi- 
as harassment has _be- harassment and dent, Thomas Rosenbaum, 
come a major flashpoint ‘ A at s 7 to faculty and students. 
within the astronomy com- discrimination. The 4 January missive, 


munity in the wake of an 
investigation by the Uni- 
versity of California, Berke- 
ley, that found astronomer Geoffrey 
Marcy had committed serial harassment 
over a decade (Science, 23 October 2015, 
p. 364). The university faced a storm of criti- 
cism after giving Marcy little more than a 
warning; he ultimately resigned. Caltech 
took a different approach, says Fiona 
Harrison, head of Caltech’s physics, mathe- 
matics, and astronomy division. “I think that 
Caltech was extremely responsive and pro- 
active and did the right thing,” she asserts. 
The Caltech investigation began in June 
2015, after two graduate students filed com- 
plaints under Title IX of a 1972 federal law 
aimed at preventing gender discrimination 


division head 
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Fiona Harrison, Caltech 


which includes the actions 
taken against Ott, described 
“{t]his painful incident,” as 
well as the university’s plans for improv- 
ing support for all graduate students. Those 
steps include forming a council that will 
conduct a campus-wide review of “stu- 
dent experiences with their advisors,” add- 
ing staff to assist graduate students, and 
initiating activities, such as discussion 
groups, aimed specifically at supporting 
female graduate students. 

The 3-month gap between the two state- 
ments, Harrison says, was the result of 
university efforts to balance privacy and 
transparency. The goal of last week’s let- 
ter, she says, “was to make clear that the 
university has absolutely no tolerance for 
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harassment and discrimination.” 

Meg Urry of Yale University, president of 
the American Astronomical Society, says that 
she’s heartened by Caltech’s response. “The 
letter says the institution is committed to do- 
ing better and that it plans to do a variety 
of things to make women feel welcome and 
supported on campus. So good on them.” 

Those who have studied gender disparities 
in science say that the broader challenge for 
Caltech and other elite research institutions 
is creating a more welcoming environment 
for women. That may require increasing 
the number of women in certain scientific 
fields. (There are roughly six men for every 
woman among faculty in Caltech’s physics, 
mathematics, and astronomy division, and 
in engineering and applied science the ratio 
is nine to one.) 

Large egos may also contribute to the 
problem, Urry believes. “The more practitio- 
ners in a field talk about themselves as the 
second coming, the fewer women there are 
in that field,” she says. 

This week a member of Congress said 
she would propose legislation requiring 
universities to share the results of a Title 
IX investigation of a faculty member with a 
new employer if that person changes jobs. 
Representative Jackie Speier (D-CA) says 
that the current rules allow universities to 
“protect sexual predators.” 

Ott, whom Harrison refers to only as “the 
faculty member,’ has begun the coaching 
program, which “is specific to his particular 
situation,” she says. It is not part of the regu- 
lar orientation on harassment given to fac- 
ulty members and students, she notes. 

Harrison says “a third party” is mediating 
the faculty member’s interactions with his 
graduate students. The university decided 
that such an arrangement was the best 
way to intervene while allowing the stu- 
dents to remain on course for their degree. 
Rosenbaum’s letter explains that the fac- 
ulty member must exhibit “a demonstra- 
ble change in behavior and mentoring” 
before he is allowed normal interactions. 
Harrison says she is responsible for deter- 
mining “when and if” those changes have 
taken place. 

The faculty member was banned from 
campus for a year “for the protection of 
students,’ Harrison says. His courses have 
been reassigned, she adds. At the same time, 
Harrison says, “there are no restrictions on 
continuing with his research.” & 
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THE SOCIAL 
LIFE OF 


QUARKS 


Particles consisting 
of four and five quarks 
make a comeback 


By Adrian Cho 


mong particle physicists, Sheldon 
Stone has a reputation for high 
standards and brutal honesty. He’s 
been known to challenge a tenuous 
claim by shouting in the middle of 
a colleague’s talk. So when Stone 
discusses recent observations that 
he and his colleagues have made, 
his words carry weight. “I really do 
think there is a chance this will become a big 
breakthrough,” he says. 

Stone works with a huge particle detector 
called LHCb, one of four fed by the world’s 
biggest atom smasher—the Large Hadron 
Collider (LHC) at the European particle 
physics laboratory, CERN, in Switzerland. 
He and colleagues say they have observed 
bizarre new cousins of the protons and neu- 
trons that make up the atomic nucleus. Pro- 
tons and neutrons consist of other particles 
called quarks, bound together inextricably by 
the strong nuclear force. By smashing parti- 
cles at high energies, physicists have blasted 
into fleeting existence hundreds of other 
hadrons—particles made of quarks. They 
fall into just two classes: baryons, including 
the proton and neutron, which contain three 
quarks; and mesons, which contain two. But 
last year, LHCb researchers spotted particles 
made of five quarks. The year before, they 
confirmed the existence of one with four. 

Known as pentaquarks and tetraquarks 
and lasting only a quadrillionth of a nano- 
second, those oddball particles defy the ex- 
isting picture of the strong force, captured 
in a vexingly complex theory called quan- 
tum chromodynamics (QCD). “They have 
the potential for revolutionizing the way 
we understand QCD,’ says Eric Swanson, a 


Inside the LHCb detector at CERN, colliding protons 
blast exotic particles into fleeting existence. 
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theorist at the University of Pittsburgh in 
Pennsylvania. Marek Karliner, a theorist at 
Tel Aviv University in Israel, says, “You don’t 
really understand your theory unless you 
know what combinations [of quarks] are 
stable and what ones aren’t.” 

LHCb’s observations also mark a rare 
event in science, the comeback of a dis- 
credited idea. Twelve years ago, multiple 
groups spied a different pentaquark, only to 
see those results crumble. However, LHCb’s 
observations appear to have resurrected 
the pentaquark. “This stuff I believe is real,” 
Swanson says. 


QUARKS, the fundamental constituents 
of most matter, have a complex social life. 
Like the electromagnetic force that binds 
negatively charged electrons to the atom’s 
positively charged nucleus, the strong force 
acts on “charges.” But whereas there is only 
one type of electric charge, which can be 
positive or negative, there are three types 
of strong charge, denoted arbitrarily by the 
colors red, blue, and green, each with its 
negation antired, antiblue, or antigreen. In 
allowed combinations of quarks, the color 
charges add up to colorless or white. So, a 
baryon contains a red quark, a blue quark, 
and a green quark, as red, blue, and green 
add to make white. A two-quark meson con- 
tains a quark and an anticolored antiquark, 
for example, red and antired, which com- 
bine to make it colorless. 

Adding variety to the mix, quarks come 
in six types or “flavors”: the up and down 
quarks found in ordinary matter, and the 


heavier charm, strange, top, and bottom 

quarks that can be made in particle col- 

lisions. Combining flavors produces 

a panoply of particles, most of them 
highly unstable and transient. A 

proton consists of two ups and a e 
down; the fleeting baryon called a 

A, (pronounced “lambda B”) contains wo 
an up, a down, and a bottom quark. 

A meson called the K™ (pronounced 

“K minus”) contains a strange quark and 


an anti-up quark. 

The evidence for all of this is indirect, 
because physicists can never observe an iso- 
lated quark. The strong force is so strong 
that if you blast a quark out of a proton, 
it will yank quarks and antiquarks out 
of the vacuum to create more baryons 
and mesons. Moreover, within hadrons, 
countless “virtual” quark-antiquark 
pairs flit in and out of existence. The 
quarks cling to one another by exchanging 
particles called gluons, which themselves 
exchange gluons. That “brown muck” of vir- 
tual quarks and gluons typically makes up 
most of a particle’s mass and renders theo- 
retical predictions very difficult. 
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“molecule” 
pentaquark 


As soon as physicists worked out QCD in 
the 1970s, they realized that quarks might 
clump in groups of more than three. The 
color charges of two quarks and two anti- 
quarks (a tetraquark) or four quarks and an 
antiquark (a pentaquark) can add up to white 
(see diagram, below). “There’s no reason why 
they don’t exist,’ says Valentina Santoro, an 
experimenter at the European Spallation 
Source (ESS) in Lund, Sweden. “If you really 
don’t find them, you should justify why.” 

In 2003, physicists thought they had 
spotted one: a pentaquark called the 0* 
(pronounced “theta plus”). Supposedly con- 
taining two up quarks, two down quarks, 
and one anti-strange quark, that particle 


What’s in the bag? 


Quarks come in three colors, three anticolors, and six 
flavors. Pentaquarks might be bags of five quarks and 
force-carrying gluons, or they might be “molecules” 
made of known particles—physicists aren't sure. 


Particles Flavors 
( Up (u) Down (d) 
Charm(c) Strange (s) 
Top (t) Bottom (b) 
quark 
antiquark 
gluon 


proton 


J/wp meson 


“bag of quarks” 
pentaquark 
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was glimpsed by experimenters with the 
Laser Electron-Photon (LEPS) facility at the 
SPring-8 accelerator laboratory in Hyogo 
Prefecture, Japan, which fired high-energy 
photons into a carbon target. Nine other ex- 
periments also reported the particle, which 
was thought to have a mass about 1.5 times 
that of a proton. 

Then the 0* vanished. Other experi- 
ments found no sign of it, and some of the 
experiments that had seen it could not re- 
produce it. Physicists still aren’t sure how 
so many groups could be so badly mistaken, 
says Kenneth Hicks of Ohio University in 
Athens, who worked on one of the teams 
that originally saw the particle. “It was the 
strangest situation I’ve ever been involved 
in,” Hicks says, “and I was right in the 
middle of it.” 

Others say the results were never as con- 
vincing as claimed. Physicists looked for the 
6* by assuming it decayed into a particular 
combination of particles—in the LEPS ex- 
periment, a neutron and a K* meson (an up 
quark and an anti-strange quark). For each 
neutron-K* pair they observed, they used the 
particles’ momenta to calculate the mass of 
their presumed 6* parent. If some pairs were 
coming from real @* decays, then a plot of 
the calculated masses should show a peak, 
corresponding to the parent particle. But 

researchers can fool themselves in such 

simple analyses, Stone says. “These guys 

never did anything but look at bumps 

in mass plots,” he says, “and that 

makes you vulnerable to fluctuations 

that you can tune up to make a peak.” 

The 6* misadventure cast a shadow 

over the search for tetraquarks and 

pentaquarks, says Robert Jaffe, a theo- 

rist at the Massachusetts Institute of 

Technology (MIT) in Cambridge. “People 

got the impression that the field was some- 

how flaky and that the experiments weren't 
trustworthy,’ he says. 

Even so, tantalizing hints of such 
particles kept turning up. In 2003, 
physicists in Japan spotted a par- 
ticle that looked like a tetraquark 
containing a beefy charm quark, 
an anti-charm quark, and a light 

quark-antiquark pair. They called 
it the X(3872). In 2008, the same 

experiment—the Belle particle detector, 
fed by the KEKB electron-positron collider 
at the Japanese particle physics lab KEK 
in Tsukuba—spotted a heavier apparent 
tetraquark, Z(4430). In the past few years, 
physicists at several labs have found a hand- 
ful of other possible tetraquarks. 


NOW, LHCb researchers have confirmed the 
Belle tetraquark and reported strong evi- 
dence for two pentaquarks, consisting of two 
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up quarks, a down quark, a massive charm 
quark, and an anti-charm quark. 

The main goal of LHCb, a 4500-ton as- 
semblage of iron, high-tech electronics, 
and light-emitting crystals, is to study the 
decays of particles containing a massive bot- 
tom quark, whose behavior could provide 
clues to physics beyond physicists’ standard 
model. To understand the “background” of 
another particle decay, Stone and colleagues 
asked a student to analyze debris from the 
decays of a A, (the up, down, and bottom 
quark combination). “The student com- 
plained,’ Stone says. “He didn’t want to do 
it—there wasn’t going to be a signal. And he 
came back, and there was a huge signal’— 
one that suggested entirely new 
particles were taking shape dur- 
ing the decay. 

In fact, the results point to 
two pentaquarks with slightly 
different masses, a heavier one 
weighing 4.74 times as much as a 
proton and a lighter one weighing 
4.67 times as much as a proton, 
as the team reported in August in 
Physical Review Letters. 

The analysis is tricky. Stone 
and colleagues had expected that the A, 
would first decay to a J/y (quark content: 
charm and anticharm) and a A (up, down, 
strange) and that the A would then decay 
into a proton and the K-. However, they 
found that sometimes the A, appeared to 
take an alternate route to the same final 
destination, decaying instead into a K” and 
a pentaquark. The pentaquark then de- 
cayed into the proton and the J/y. The two 
pentaquarks show up as peaks in the mass 
plot for proton-J/y pairs. 

However, the LHCb researchers did far 
more than spot a couple of mass peaks. 
Squeezing information out of their data, they 
also worked out the complete wavelike quan- 
tum amplitude that describes the decay from 
a A, to a pentaquark and a K and on to the 
J/w and the proton and encodes the proba- 
bilities for the particles to emerge at different 
angles, momenta, and spins. That monu- 
mental task requires teasing out how those 
amplitudes mix with others for the parallel 
decay the researchers had expected to see. 
The analysis clearly reveals amplitudes for 
two pentaquarks—signatures far more spe- 
cific than bumps on mass plots, Stone says. 

At first, LHCb researchers themselves 
doubted the result, Stone says. “We said, ‘Oh, 
pentaquarks! It’s got to be crap!’”he says. “We 
spent more time doing checks on this than 
on anything else ever.’ Using similar meth- 
ods in 2014, the LHCb team also confirmed 
the sighting of the Z(44:30) tetraquark, which 
consists of a down quark, an anti-up quark, 
and a charm-anticharm pair. 
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BUT IF SUCH PARTICLES ARE REAL, how 
are they put together? Tetra- and penta- 
quarks could be bona fide bags of four and 
five quarks, respectively. Or both could be 
more like molecules made of two-quark me- 
sons and three-quark baryons. Such binding 
would resemble that between the protons 
and neutrons in a nucleus, which is best de- 
scribed by the exchange not of gluons, but of 
quark-containing particles called 1 mesons, 
or pions. In fact, Karliner and Jonathan 
Rosner, a theorist at the University of 
Chicago in Illinois, have developed a model 
that they argue already explains most of the 
candidate tetraquarks and one of LHCb’s 
pentaquarks as molecules. 


breakthrough.” 


Sheldon Stone, 
Syracuse University 


The molecule picture would also help 
explain why pentaquarks and tetraquarks, 
though fleeting, last a surprisingly long 
time. Physicists can’t measure that lifetime 
directly, but they can infer it from the un- 
certainty in a particle’s mass or its “width”: 
The narrower the width, the longer the 
lifetime. The tetraquarks and pentaquarks 
are narrower than physicists would expect 
for particles that can decay through strong 
interactions. A moleculelike structure 
could favor longevity, as it would seques- 
ter the quarks from one another and keep 
them from instantly forming new particles 
and falling apart. “There has to be some 
sort of barrier to the recombining,” Hicks 
says. “If they’re all in a bag, I don’t see 
what that barrier is.” 

But molecular models can’t account for 
the two different pentaquarks LHCb sees, 
Stone says. And they can’t explain other 
details of the pentaquarks: their spin and 
a property called parity. 

The debate could have much deeper 
implications for the theory of QCD, says 
the University of Pittsburgh’s Swanson. 
If the molecule picture is correct, then a 
relatively minor tweak to QCD will enable 
physicists to apply the pion-exchange pic- 
ture developed in the 1940s for the atomic 
nucleus to more fleeting particles. If, how- 
ever, the bag-of-quarks picture applies, 
then it may be wrong to think of the in- 
nards of the exotic particles in terms of dis- 
crete quarks and gluons. Instead, Swanson 
says, each particle may be more like a con- 
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“‘Treally do think 
there is a chance this 
will become a big 


tinuous “quark field” in which knots in the 
field form the constituent particles. 

For example, in the 1970s, MIT’s Jaffe 
suggested that the quarks within hadrons 
may dance around one another to form 
fleeting correlated pairs called diquarks. 
If so, a baryon might best be described as 
an ever-evolving state of a quark and a di- 
quark. However, Jaffe cautions that theo- 
retically there may be no real distinction 
between a molecule and bag of quarks. 

It’s still possible that the penta- and 
tetraquarks aren’t real after all. For ex- 
ample, LHCb researchers see their pen- 
taquarks emerging in the decays of 
another particle, the A,. However, it could 
be that the production of a dif- 
ferent combination of mesons 
and baryons exerts a shadow 
effect that generates a false sig- 
nal for the supposed pentaquark 
decay. Such “threshold” effects 
are hard to rule out, ESS’s San- 
toro says, because it’s easy to 
find another combination of 
particles that would add up to 
give the observed mass. “There 
are very few [tetraquarks and 
pentaquarks] that are far from a thresh- 
old,” she says. 


TO TELL WHICH DESCRIPTION of penta- 
quarks and tetraquarks is right, physicists 
say they’ll have to find more of the things. 
The bag-of-quarks and molecule models 
should predict different rosters of tet- 
raquarks and pentaquarks with different 
masses, spins, and parities. For example, 
Karliner says, because of the parity of the 
pion, his molecular model allows some 
meson combinations to bind but forbids 
others. Those restrictions would limit the 
spectra of tetraquarks and pentaquarks 
that experimenters will see. 

But even if a plethora of new particles 
are found, the experimental data may 
prove less telling than hoped. The models 
are flexible, Jaffe says. “When experiment- 
ers find a state that a model can’t explain 
there will always be some lever [theorists] 
can pull to incorporate it.” 

Ultimately, enormously demanding 
computer simulations may yield insights, 
physicists say. But even if the simulations 
can handle the exotic particles, they might 
not provide a clear answer to their nature. 
“Tt’s more likely to be, ‘Well, [a pentaquark] 
spends 40% of its time in a baryon-meson 
molecule, and 40% of its time in a five- 
quark bag,” Hicks says. 

At least, physicists now seem to think 
that pentaquarks and tetraquarks are real. 
Whether they’ll ever figure out how they’re 
put together remains to be seen. & 
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A NATION DIVIDED 


Some scientists see Nicaragua's plans for a Grand Canal as a boon 
for an ailing land; others predict ecological catastrophe 


hen the Nicaraguan govern- 
ment vowed in 2012 to revive 
a long-dormant idea to carve 
a canal through the heart 
of the country, Jorge Huete- 
Pérez expected a national 
debate on the project’s mer- 
its. More than three times 
as long and twice as deep as 
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By Lizzie Wade, in Managua 


the recently enlarged Panama Canal, the 
$40 billion Grand Canal linking the Atlan- 
tic and Pacific oceans would be the largest 
civil earthmoving project in history, with 
a social and environmental footprint to 
match. But in June 2013, when Nicaragua’s 
government asked its National Assembly to 
grant a 50-year concession for the canal to 
the Chinese firm Hong Kong Nicaragua Ca- 
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nal Development (HKND) Group, approval 
took just 2 days. 

Now, after the release of a massive impact 
assessment of the project commissioned by 
HKND, and just months before the company 
says it will break ground, the debate has be- 
gun in earnest. Huete-Pérez, a molecular bio- 
logist at Central American University (UCA) 
here, is firmly on one side. The canal, he 
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says, “is going to be an environmental disas- 
ter of enormous dimensions.” 

Huete-Pérez had already published edi- 
torials in Nature and Science (23 January 
2015, p. 355) decrying the project’s down- 
sides, including the possible salinization 
of Lake Nicaragua—Central America’s larg- 
est source of freshwater—and the forced 
relocation of indigenous communities in 
the eastern part of the country. He views the 
11,000-page impact assessment, conducted 
by Environmental Resources Management 
(ERM), a consulting firm headquartered 
in London, as inadequate. Many others ex- 
pressed similar qualms at a meeting of Ni- 
caraguan and international scientists that 
Huete-Pérez organized in November 2015 to 
review the assessment. “It’s irresponsible” to 
commit to building the canal with so little 
data, says Katherine Vammen, a water ex- 
pert at UCA. “There are just too many left- 
open doubts.” 

But among Nicaragua’s small community 
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Lake Nicaragua, Central America’s largest 
source of freshwater, is a flashpoint in plans for 
an interoceanic canal. 


of biologists, some take a sunnier view. De- 
forestation and pollution are already ravag- 
ing Nicaragua’s environment, they note, and 
they applaud HKND’s plans to replant for- 
ests near the canal to halt erosion and con- 
trol runoff. They also view the project as a 
possible boon to science: a chance to collect 
a windfall of environmental data through 
HKND-funded studies in a country too im- 
poverished to support much fieldwork. “We 
should provide help and support, so that the 
[impact] study is as complete as possible 
and the canal’s impact on the environment 
is as minor as possible,” says Ricardo Rueda, 
a botanist at the National Autonomous Uni- 
versity of Nicaragua (UNAN), Leon. 

The scientific debate is unlikely to dis- 
suade President Daniel Ortega’s Sandinista 
government from pursuing a megaproject 
that it claims is vital to the nation’s future. 
Nicaragua is the second poorest country 
in the Americas, after Haiti, and “we don’t 
have many development opportunities,” says 
Manuel Coronel Kautz, president of the Ni- 
caraguan canal authority. 
Nicaragua stands to gain 
a 1% stake in the canal 
each year, which means 


“The canal is going 


from the Atlantic 200 kilometers inland to 
Lake Nicaragua. Crossing the lake’s roughly 
100-kilometer span left a mere 20 kilometers 
to the Pacific coast. But when an engineer 
surveyed the potential canal route, he found 
that ships would need to be raised and low- 
ered more than 30 meters as they traversed 
the Nicaraguan terrain: too great an eleva- 
tion to overcome with 17th century tech- 
nology. Other countries thought to pick up 
where Spain left off, but time and again their 
plans fell through. 

Hoping to succeed where empires stum- 
bled is HKND’s founder, a Chinese mag- 
nate named Wang Jing. His plans, too, face 
skepticism because of the project’s costs 
and scale. “Practically every week there’s a 
reason to believe the canal is going to hap- 
pen and another reason to believe it won't,” 
says Edmundo Jarquin, an opposition politi- 
cian here. HKND says it plans to finance the 
project by attracting investors on the open 
market. But he says that “if the canal is built, 
it won’t be for financial reasons.” Instead, 
Jarquin says, it would be part of a larger “geo- 
political vision” backed by the Chinese gov- 
ernment. If Beijing doesn’t step up to fund 
the canal’s construction, the project could 
collapse, says R. Evan 
Ellis, an expert on 
Chinese-Latin Ameri- 
can relations at the 
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time, the canal law states 
that HKND will pay the 
Nicaraguan government 
up to $10 million a year 
for 10 years. “We want to transform the 
economic lives of Nicaraguans—that’s what 
makes us revolutionaries,’ says Coronel, a 
long-time Sandinista. “And there is no other 
option that makes as big of an impact.” 

Far from posing a further threat to Nicara- 
gua’s dwindling forests and wetlands, asserts 
engineer Bill Wild, HKND’s chief project ad- 
viser, the canal will benefit conservation by 
bringing economic development. “I person- 
ally believe that the only thing that will save 
Nicaragua’s environment is the canal,’ Wild 
says. “There is nothing else.” 


FOUR CENTURIES AGO, Spain dreamt of 
what Nicaragua is bent on doing today. Tired 
of schlepping gold and silver across Panama 
on foot and by mule from mines in western 
South America to ships in the Atlantic, the 
empire began eyeing Nicaragua as an al- 
ternative route. Although wider than both 
Costa Rica and Panama, Nicaragua offered 
a hydrological advantage. The navigable 
San Juan River allowed large ships to sail 


Published by AAAS 


Jorge Huete-Pérez, Central 
American University 


feasibility study HKND 
commissioned has not 
been made public. 

Since securing the 
preliminary concession, HKND has been in- 
vestigating possible canal routes, including 
the one Spain considered. After determin- 
ing that commandeering the San Juan River 
would be too destructive—and would surely 
anger Costa Rica, which shares the river as 
a border—HKND settled on a route running 
from Brito through Lake Nicaragua to the 
mouth of the Punta Gorda River (see map, 
p. 222). 

Although Lake Nicaragua was once con- 
sidered a boon to a canal, it now presents a 
daunting engineering challenge. The lake’s 
average depth—13 meters—is far too shal- 
low for supertankers and cargo ships. To 
create the necessary 30-meter-deep chan- 
nel, HKND must carve 17 meters into the 
lakebed. ERM estimates that would require 
removing 715 million cubic meters of sedi- 
ment: “the largest wet excavation ever,’ 
Vammen Says. 

She worries about what it might stir 
up. In the single sediment core from Lake 
Nicaragua analyzed for the impact study, 
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ERM found relatively high concentrations 
of heavy metals and other pollutants, in- 
cluding mercury, arsenic, and pesticides, 
possibly from rice paddies along the lake’s 
eastern shore. Dredging could release the 
contaminants into the water, making it 
unsafe to drink or use for irrigation. Lake 
sediments also likely contain nutrients such 
as phosphorus and nitrogen; stirring those 
up could fuel algae blooms, poison fish, and 
destabilize the ecosystem. 

The channel itself could transform the 
lake, if saltwater were to leak through the 
locks that will raise and lower ships. Not 
only would such an intrusion make the 
water undrinkable, it could bring invasive 
marine species and harm the plankton and 
invertebrates that form the base of the lake’s 
food web. “The lake is a place where so much 
could be lost,’ says panelist Gerald Urquhart, 
a tropical ecologist at Michigan State Uni- 
versity in East Lansing. 


Others raise a direr scenario. “There is 


a serious risk of [volcanic] eruptions” near 
Lake Nicaragua, says Sergio Espinosa, a Ni- 
caraguan geoscientist based in Vancouver, 
Canada, who consults on seismic risks and 
participated in the academy panel. “Erup- 
tions cause landslides, and landslides cause 
lake tsunamis.” If a catastrophe destroyed the 
locks, Lake Nicaragua might drain down the 
channel to the Pacific. How HKND and the 
government plan for such low-probability 
but high-risk events could “make or break 
the canal,” says panelist Julio Miranda, a 
Nicaraguan structural engineer with CH2M 
HILL in San Jose, California. 

Over the long term, the canal’s ecological 
toll would run coast to coast. The canal 
could dump sediment into both oceans, 
harming coral reefs, says Jorge Cortés 
Nitfiez, a marine biologist at the University 
of Costa Rica, San José. And the planned 
route would sever the Mesoamerican Bio- 
logical Corridor, a string of protected areas 
and buffer zones from southern Mexico to 


The biggest dig 


World powers have long dreamed of carving a shipping canal through Nicaragua. Critics assail HAND's 


preferred route, which would bisect Central America’s largest lake. 
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Panama intended to safeguard habitat for 
jaguars and other large mammals. 

Although HKND has not started digging, 
the mere prospect of the Grand Canal has 
ignited social unrest in Nicaragua. The ca- 
nal will run through indigenous lands, and 
the last village where the Rama language 
is spoken will have to be relocated to make 
room for it, according to ERM’s report. And 
the concession law gives HKND the right to 
expropriate land anywhere in Nicaragua, not 
just along the canal route. “We're on a state 
of alert,’ says Manuel Abines Jiménez, a com- 
munity leader from the town of Jicaro who 
attended the academy panel and has pro- 
tested against the canal. “We won’t go easily.” 

According to Urquhart, who does field- 
work in Nicaragua’s rural east, other farm- 
ers are already fleeing to avoid the prospect 
of being violently relocated to less desirable 
land. He says some have moved into the In- 
dio Maiz Biological Reserve, the largest con- 
tinuous area of rainforest north of the Ama- 
zon. The government has claimed that the 
canal would keep people out of Indio Maiz 
by serving as a barrier on its northern border. 

In its impact study, ERM “rightly de- 
scribed the social and environmental issues 
as serious,’ Urquhart says. However, he 
says, the report’s “great optimism that these 
impacts can be mitigated” is not matched 
by a mitigation strategy. Other scientists 
say the assessment is based on too little 
data. For example, Vammen says, little is 
known about Lake Nicaragua’s bathymetry 
and the composition of its sediments, leav- 
ing a major question mark about the safety 
and feasibility of dredging. “Those are re- 
ally essential things you need to know if 
you're going to build a canal,” she says. 

Nor did the report fully weigh the risks 
of a catastrophic failure, Miranda says. The 
study used Chinese building codes to evalu- 
ate the canal’s safety, he says, rather than 
develop new standards that would ensure 
the “one-of-a-kind project” remains “opera- 
tional before, during, and after a quake.” 

Huete-Pérez argues that ERM’s impact 
study, paid for by HKND, is tainted and has 
called on the government to fund a new 
study—ideally one that would evaluate the 
canal against other possible development 
projects. But Wild defends the report, not- 
ing that ERM was paid in advance: “They 
wrote whatever report they wanted with us 
not owing them a cent,” he says. In the mean- 
time, the academy panel has recommended 
that construction be put on hold while in- 
dependent scientists fill gaps in ERM’s re- 
port. Nicaragua, the panel contends, needs 
more data and analyses to accurately weigh 
the canal’s risks and benefits. 

“We do share the scientists’ frustration 
with the lack of data in some critical areas,” 
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Canal opponents fear the project will wreak havoc on Nicaragua's environment and lead to forced relocations of farmers and indigenous communities. 


says ERM partner David Blaha, who led the 
impact study. ERM’s report lists nine stud- 
ies, including a complete bathymetric sur- 
vey of Lake Nicaragua and a study of seis- 
mic risks, that should be carried out before 
construction begins. Such studies should 
be done after HKND completes its final 
design, says the canal authority’s Coronel. 
For example, he says, “it’s not until the lock 
designs are finished that we can analyze the 
specific geology of the exact place where 
[they are] going to be.” Wild anticipates 
the canal’s final design will be completed 
around the end of this year. Well before 
then, he says, the company plans to break 
ground on the Pacific port. 


JEFFREY MCCRARY used to share Huete- 
Pérez’s feelings about the canal. When ERM 
asked McCrary to survey freshwater fish 
species along the canal route as part of the 
impact study, the biologist, who has lived in 
Nicaragua for 3 decades and now works for 
the Nicaraguan Foundation for Integral Com- 
munity Development here, remembers think- 
ing, “I’m going to give you the best reasons not 
to do the canal.” But as he traveled around the 
eastern portion of the country, he was struck 
by the lawlessness and environmental de- 
struction he saw. Slash-and-burn agriculture 
and cattle ranching had devastated the Punta 
Gorda watershed and was threatening the 
Indio Maiz reserve, he says. “This is a really 
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doomed place,” he recalls thinking. Now, he 
wonders, “what in the world are we going to 
do if we don’t get a canal?” 

For McCrary and other converts, the Grand 
Canal’s main selling point is reforestation. 
“Between 2002 and 2012, half of [Nicara- 
gua’s] forest cover was lost,’ heightening ero- 
sion and runoff, says Norving Torres, director 
of the Friends of the Upper San Juan River 
Foundation here. “The amount of clearing is 


“The only thing that will 
save Nicaragua's 


environment is the canal.” 
Bill Wild, HKND 


a disaster for water management,” Wild adds. 
If HKND doesn’t put a stop to the erosion, he 
says, “we’re going to be dredging all that stuff 
[out of the canal] forever.’ As a result, the 
company plans to reforest the Punta Gorda 
River catchment, an area covering roughly 
20,000 hectares. 

Wild says HKND has tweaked the canal’s 
route in response to ERM’s concerns. The 
original location for the Pacific port, he says, 
would have “completely wiped out” a man- 
grove lagoon and destroyed the mouth of the 
Brito River. “So we moved it,” Wild says. The 
firm also moved the Atlantic port to skirt 
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Indio Maiz. And it shifted where the canal 
would connect to the eastern shore of Lake 
Nicaragua to avoid El Tule, a town that has 
been roiled by protests against relocation. 
“We've made a lot of changes,’ Wild says. 
“We will react positively wherever we can to 
honest and objective criticism.” 

McCrary, for one, is ready to work on 
HKND’s terms. “I guess my strategic tack 
is, if there’s going to be a canal in Nicara- 
gua, I want to be sure it gets done right,” 
he says. He’s “disappointed” that Huete- 
Pérez and other canal opponents have 
shut themselves out of that conversation 
by adopting a confrontational stance, he 
says. Rueda, the UNAN botanist, agrees. 
Nicaraguan scientists, he says, should be 
“looking for ways to help so that more and 
more is known” about the country’s natu- 
ral resources and the best ways to protect 
them during canal construction. 

Driving along the shore of Lake Nicaragua, 
Vammen points out drainage ditches that 
funnel raw sewage from the city of Granada 
into the lake. “No one ever said the whole 
area was pristine,” she says. But Vammen 
and like-minded scientists reject the idea of 
anointing the canal as Nicaragua’s savior. 
And Huete-Pérez bristles at the suggestion 
that cooperation is the only path forward. 
“Tt’s always easier to take the side of the 
powerful,” he says. “It requires more courage 
to align yourself with the powerless.” & 
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INFECTIOUS DISI 


Adapting 
Koch's 
postulates 


Criteria for disease causation 
must take microbial 
interactions into account 


By Allyson L. Byrd? and Julia A. Segre! 


n the late 19th century, Robert Koch 
established his famous postulates as 
stringent guidelines to evaluate cau- 
sation in infectious disease (J). These 
original postulates require isolation of 
the putative pathogen and reinfection 
of a healthy host to prove causation. Over 
the years, Koch’s postulates have been con- 
tinually restated to incorporate the latest 
scientific findings and technologies (2-5). 
Modern molecular techniques have demon- 
strated that current or previous members 
of a microbial community can affect disease 
outcome, providing a nuanced view of strict 
causation as originally proposed by Koch. 
There is thus a need to incorporate micro- 
bial communities into rigorous modern 
guidelines for evaluating disease causation. 


1 PATHOGEN = 1 DISEASE. Koch’s original 
postulates can be summarized as follows: 
First, the microorganism occurs in every 
case of the disease; second, it is not found 
in healthy organisms; and third, after the 
microorganism has been isolated from a 
diseased organism and propagated in pure 
culture, the proposed pathogen can induce 
disease anew. Koch did not include the often 
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cited fourth postulate that the microorgan- 
ism must then be reisolated from the experi- 
mentally infected host, but it has come to 
be viewed as necessary to complete the loop 
asserting causation. Although revolutionary 
for the time, the postulates have since been a 
double-edged sword. For example, the third 
postulate was implemented to guard against 
misassignment of causality due to mixed 
cultures. However, blind adherence to this 
postulate would mean excluding obligate 
parasites and viruses as infectious agents. 
Over the past decade, sequencing tech- 
nologies and advanced analytic tools have 
enabled whole-genome sequencing of both 
microbial isolates and communities. These 
advances raise new questions of how Koch’s 
postulates can be updated to incorporate 
these molecular techniques. For example, 
when assigning causality to an organism, can 
a fully sequenced genome act as a surrogate 
for pure culture, even when the suspected 
organism requires additional microbes for 
successful propagation? Also, how do you 
address the role of microbial communities in 
disease pathogenesis? Here we address these 
questions and introduce new variables into 
Koch’s one organism = one disease equation. 


1 PATHOGEN + 1 COLONIZATION RESIS- 
TOR = 0 DISEASE. A modern test of Koch’s 
postulates is the risk to patients of becom- 
ing colonized with a pathogen while hospi- 
talized. In this setting, it has become clear 
that some commensal organisms can protect 
the host against pathogenic enemies, a pro- 
cess termed “colonization resistance.” These 
commensal protectors defend the host either 
by directly inhibiting the pathogen or by en- 
hancing host immunity (6). Recent evidence 
for both varieties of colonization resistance 
highlights how the presence of specific com- 
mensal bacteria can alter the pathology in- 
duced by Koch-verified infectious bacteria (7, 
8). These studies demonstrate how microbial 
community sequencing can be used to dif- 
ferentiate when an infectious agent induces 
disease in some but not all hosts. 

In one study, Buffie et al. (7) showed that 
mice treated with antibiotics exhibited var- 
ied susceptibility to infection by Clostridium 
difficile, a major cause of antibiotic-induced 
diarrhea. The authors also performed a 
similar analysis with a cohort of patients 
undergoing stem-cell transplant. Because 
of antibiotic treatment and compromised 
immune function, these patients are par- 
ticularly susceptible to C. difficile infection. 
With microbial community sequencing and 
subsequent modeling of microbial interac- 
tions, the authors identified Clostridium 
scindens as a commensal associated with 
colonization resistance. This was validated 
when mice precolonized with a commeri- 
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cally available strain of C. scindens exhib- 
ited amelioration of symptoms associated 
with C. difficile infection. Mechanistically, it 
was demonstrated that C. scindens modifies 
endogenous bile acids to inhibit C. difficile 
growth (7, 9). Buffie et al. provide a well- 
validated example of how one organism can 
protect against a common pathogen (see 
the figure). 

In addition to direct inhibition, a com- 
mensal organism can mediate coloniza- 
tion resistance through activation of the 
immune system. Recently, Schieber et al. 
demonstrated how a commensal Esch- 
erichia coli strain protects against muscle 
wasting associated with gut trauma and/or 
infection (8). By sequencing the microbial 
communities of mice with differential coli- 
tis severity, the authors identified an out- 
growth of Escherichia species in the more 
resistant mice. FE. coli isolate 021:H* was 
subsequently isolated and administered to 
the susceptible mice, which were then pro- 
tected from colitis-induced wasting. Nota- 
bly, an unrelated commensal F. coli strain 
did not provide a protective effect. This 
strain specificity highlights the importance 
of using linked primary, rather than banked 
isolates, since strains of the same species 
can display extensive functional variation. 


Similarly, when mice were infected with 
Salmonella Typhimurium or Burkholderia 
thailandensis, precolonization with E. coli 
O21:H* reduced the degree of wasting (8). 
With additional experiments, the authors 
showed that this protective effect was not 
due to inhibition of pathogen colonization, 
but rather that commensal F. coli 021:H’*, 
acting through the innate immune system, 
down-regulates muscle atrophy and pro- 
motes muscle regeneration. In this example, 
the pathogenesis of an infectious disease is 
altered because of a single commensal ac- 
tivating the immune system rather than a 
commensal directly inhibiting the growth 
of a pathogen. 

The idea of distinct EF. coli strains con- 
ferring colonization resistance is not new. 
In 1917, the E. coli strain Nissle was iso- 
lated from a soldier who did not develop 
diarrhea during an outbreak of shigellosis 
(10). Since then, research on this probiotic 
strain has identified several mechanisms 
by which it outcompetes pathogens, includ- 
ing an efficient iron acquisition system (11). 
Despite this early example of colonization 
resistance, previous updates to Koch’s pos- 
tulates have not considered the overall com- 
munity context in which a pathogen does 
or does not induce a disease. As described 
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Microbial protectors. (A) According to Koch's original postulates, a pathogenic organism in a host will induce 
disease. (B) This assumption is challenged when an organism is present that can protect against the pathogen. 
(C) In some cases, consortia of microbes can have an ever greater protective effect. 
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in (7, 8), the role of specific members of the 
microbial community in disease pathogen- 
esis could only be identified with antibiotic 
treatment and subsequent microbial com- 
munity sequencing, technical advances that 
Koch could not have imagined as nucleic 
acids and antibiotics were not discovered 
until years after his death. 


1 PATHOGEN + 1 COMMUNITY = 0 DIS- 
EASE. The previous examples highlighted 
comparatively simple cases of disease cau- 
sation in which single colonization resis- 
tors were important. However, multiple 
microbes can also have an enhanced pro- 
tective effect. 

As described above, Buffie et al. find that 
C. scindens provides colonization resistance 
to C. difficile (7). However, the authors pres- 
ent evidence that even better outcomes are 
achieved when C. scindens cocolonizes with 
three other microbes. Similarly, Lawley et 
al. have reported that C. difficile-infected 
mice become less sick and clear the patho- 
gen more efficiently after the administra- 
tion of healthy donor feces (12). To define 
a more tractable resistant community, Law- 
ley et al. cultured individual isolates from 
the feces and combined them into phylo- 


“..do all members of the 
community have to be 
grown in pure culture and 
tested individually, or is it 
sufficient to grow and test a 
group culture?” 


genetically distinct mixtures until they had 
found a six-member community that repro- 
ducibly reduced C. difficile infection and 
bacterial load. 

These findings force us to consider un- 
der what circumstances a consortium of 
microbes can fulfill Koch’s postulates. For 
example, do all members of the community 
have to be grown in pure culture and tested 
individually, or is it sufficient to grow and 
test a group culture? This is important in 
both scientific and translational arenas as 
researchers strive to create artificial com- 
munities capable of recapitulating the posi- 
tive effects of fecal transplant in patients 
with recurrent C. difficile infections (13). 

In the future, artificial communities could 
also be created to treat other infections as- 
sociated with antibiotic-induced alterations 
of the microbial community. For example, 
women taking antibiotics are prone to de- 
velop mucosal candidiasis due to a depletion 
of beneficial microbes (J4). Instead of tradi- 
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tional probiotic treatments, could a vaginal 
artificial community be designed to restore 
normal microbial community dynamics? 


TOWARD DYNAMIC ADAPTATION. Com- 
bining sequencing and culturing represents 
a powerful way to explore and define the 
microorganisms affecting disease outcome. 
With sequencing, all organisms present in 
a sample can be observed without the con- 
straints imposed by pure culture require- 
ments. Based on conclusions drawn and 
hypotheses generated from sequencing re- 
sults, researchers can then proceed with a 
more targeted culturing approach to iden- 
tify organisms of interest. 

In summary, updated Koch’s postulates 
incorporating sequencing and culturing 
would involve the following steps: first, 
sequencing to classify all members of the 
microbial community; second, using com- 
putational models to assess microbes both 
necessary and sufficient for disease induc- 
tion; third, targeted culturing to isolate mi- 
crobes of interest from the diseased host; 
and fourth, testing primary isolates and 
consortia in relevant disease models. 

In regards to steps 3 and 4, it should be 
emphasized that working with primary iso- 
lates cultured directly from a diseased host, 
rather than commercially available strains, 
lends scientific accuracy given the extensive 
genetic variability within a species. As an 
additional step, testing nonprimary isolates 
can be done to evaluate how widespread the 
capability is across strains of a species. 

In light of recent appreciation of microbial 
consortia, the scientific community should 
consider infectious disease causation in a 
broader systems biology context in which 
host genetic variability, health status, past 
exposure history, and microbial strains and 
communities are all important. As technol- 
ogy advances and new scientific discoveries 
are made, we must dynamically adapt Koch’s 
postulates so today’s science maintains the 
integrity that Koch originally fostered. m 
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Small 
peptides 
control heart 
activity 

Peptides from long noncod- 


ing RNAs control 
a muscle calcium pump 


By Francois Payre’ and Claude Desplan? 


growing body of evidence shows 

that so-called long noncoding RNAs 

(IncRNAs) often produce short pep- 

tides from small open reading frames 

(smORFs) (J). Whether and how 

smORF-encoded peptides fulfill spe- 
cific functions remain poorly understood. 
Recent studies in flies (2) and mammals (3) 
have revealed that transcripts annotated as 
IncRNAs encode smORF peptides that bind 
to, and inhibit, the sarco/endoplasmic re- 
ticulum calcium adenosine triphosphatase 
(SERCA), an ion pump that is a key player 
in handling calcium in striated muscles. On 
page 271 of this issue, Nelson et al. (4) re- 
port that a IncRNA-encoded small peptide 
competes with SERCA-inhibitory peptides, 
thereby favoring heart contractility in mam- 
mals. These findings open new ways to un- 
derstand cardiac function and pathologies, 
and show that smORF peptides act as versa- 
tile regulators of protein activity. 

Muscle contraction relies on bursts of cal- 
cium released from the sarcoplasmic reticu- 
lum into the cytosol. The released calcium 
activates movement of the molecular mo- 
tor myosin along actin filaments, enabling 
a “power stroke” mechanism. The SERCA 
pump moves calcium from the cytosol back 
into the sarcoplasmic reticulum, allowing 
actomyosin relaxation. Cycles of contrac- 
tion and relaxation thus underlie muscular 
function. In the early 1970s, biochemical 
approaches in mammalian muscle cells re- 
vealed the inhibitory activity of a 52-amino 
acid peptide called phospholamban (PLN; 
also called PLB) (5). PLN is a transmembrane 
a-helix that fits a groove in the SERCA struc- 
ture, favoring a conformational state that 


‘Centre de Biologie du Développement, CNRS UMR5547, 
Université Paul Sabatier, Toulouse, France. Department of 
Biology, New York University, New York, NY, USA. E-mail: 
claude.desplan@nyu.edu 


sciencemag.org SCIENCE 


ILLUSTRATION: K. SUTLIFF/SCIENCE 


IncRNAs 
— _ I _ &—\ 
SCLA (28aa) SCLB (29aa) 
—— 2 OO 
PLN (52aa) 
=—eFs— 
SLN (31aa) smORF peptides 
= - @ SERCA negative regulator 
MENGE a2) @ SERCA positive regulator 
—— 
| DWORF (34aa) 
Sarcolemma Sarcoplasmic Sarcoplasm 
reticulum 
PLN 


oe) 
Calcium 8 . Reduced 
one) Mey fo) calcium )=——————_> 
ooo © ie) uptake 


Transverse 
tubule 


[Ss] SNE 
Cardiac muscle contraction 


Competing peptides. Large RNAs annotated as noncoding produce a family of smORF peptides that regulate activity 
of the SERCA calcium pump, from flies to mice and humans. The DWORF peptide prevents the binding of SLN, PLN, 
and MLN inhibitory peptides, resulting in increased calcium uptake into the sarcoplasmic reticulum, which improves 


muscle contractility. 


reduces calcium uptake (6, 7). A second, un- 
related peptide of 31 amino acids, sarcolipin 
(SLN), was later identified in mammals (8) 
and shown to similarly bind to and inhibit 
the SERCA (6, 9). Both PLN and SLN are 
translated from distinct smORFs in tran- 
scripts that would be predicted as IncRNAs 
by current genomic annotation methods. 
Whereas the SERCA protein from the fruit 
fly Drosophila melanogaster bears >70% se- 
quence identity with the human protein, 
no annotated genes in Drosophila encode 
SLN- or PLN-like peptides. However, profil- 
ing IncRNAs allowed the identification of a 
muscle-specific transcript (pncr003:2L) in 
Drosophila that produces two related smORF 
peptides (2). Computer simulations sug- 
gest that these peptides, called sarcolamban 
A and B (SCLA and SCLB), fit the groove of 
the SERCA and, consistently, they bind to 
Drosophila and human SERCA. Further- 
more, mutant fruit flies lacking SCL peptides 
display severe defects in muscle function, 
including cardiac arrhythmias (2). These re- 
sults suggested that additional SERCA regu- 
latory peptides could be hidden in the large 
number of apparently noncoding RNAs in 
mammals. Indeed, recent work has identi- 
fied a 46-amino acid smORF peptide, myo- 
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regulin (MLN), produced from a transcript 
specifically expressed in skeletal muscles in 
mice and humans (3). Again, a similar con- 
formation allows MLN to bind the SERCA 
and to decrease calcium uptake. Genetic 
experiments demonstrated the importance 
of MLN in vivo: Reducing the expression 
of MLN leads to improved performance in 
treadmill tests when compared to control 
mice (3). Therefore, IncRNAs produce a va- 
riety of smORF peptides that inhibit SERCA 
activity, providing tissue-specific control of 
striated muscle physiology. 

Nelson et al. now provide evidence that a 
smORF peptide positively regulates SERCA 
activity in mammals. The authors identified 
an alleged IncRNA, predominantly expressed 
in the heart muscle of mice and humans, and 
demonstrated that it produces a 34-amino 
acid smORF peptide, called DWORF. Genome 
editing [with clustered regularly interspaced 
short palindromic repeats (CRISPR)-Cas9] 
leading to frameshifts in the DWORF pep- 
tide sequence resulted in reduced SERCA 
activity, delayed calcium clearance from the 
cytoplasm, and slowed relaxation of muscle 
fibers. Conversely, overexpression of DWORF 
in the heart increased calcium load in the 
sarcoplasmic reticulum and accelerated cy- 
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toplasmic calcium decay, thereby enhancing 
contractility. Although DWORF peptides bind 
to the SERCA protein, they do not intrinsi- 
cally activate the SERCA. Instead, DWORF 
displaces the binding of MLN, PLN, or SLN 
peptides, relieving their inhibitory activity. 
The DWORF peptide thus appears as an an- 
tagonist of negative regulators, competing for 
binding to the SERCA. 

Both the rationale of the antagonistic ac- 
tivities of these peptides and their intimate 
mechanisms of action remain to be eluci- 
dated. Whereas releasing inhibition may 
favor fast control and fine-tuning of protein 
activity, the dynamics of exchanges between 
regulatory peptides and the SERCA—which 
are both embedded in the sarcoplasmic re- 
ticulum membrane—are not known. In ad- 
dition, PLN phosphorylation is sufficient to 
prevent its inhibitory activity, providing fast 
and signal-dependent control (J0). Moreover, 
how DWORF prevents the binding of inhibi- 
tory peptides needs to be clarified. Although 
the DWORF peptide lacks sequence similarity 
with SLN, PLN, or MLN, it may—like SCL— 
dock into the same groove in the SERCA. In 
that case, how could a similar binding event 
inhibit (SLN, PLN, and MLN) SERCA activity, 
or not (DWORF)? Perhaps DWORF binds to a 
different domain of the SERCA, thus masking 
the regulatory groove. Structural studies, ide- 
ally including time-resolved methods, should 
further our understanding of muscle contrac- 
tion and might help in the development of 
smORF-peptide-inspired therapeutics to pre- 
vent heart failure. 

From a broader perspective, the findings 
of Nelson et al. highlight the importance of 
smORF peptides in the control of animal 
development and physiology, expanding the 
functional repertoire of protein-coding re- 
gions of our genome. Although still in its in- 
fancy, the emerging field of smORF peptides 
suggests that they represent an overlooked 
reservoir of versatile protein-binding inter- 
faces, well suited to regulate the activity of 
various protein complexes (J—-4, 11). Future 
work should explore the full range of smORF 
peptide activities and their role in the func- 
tion and evolution of living organisms. & 


REFERENCES 


1. A.Saghatelian, J.P. Couso, Nat. Chem. Biol. 11,909 (2015). 

2. E.G.Magny etal., Science 341, 1116 (2013). 

3. D.M.Andersonetal., Cell 160,595 (2015). 

4. B.R.Nelsonetal.,Science 251, 271(2016). 

5. M. Tada, M.A. Kirchberger, A. M. Katz, J. Biol. Chem. 250, 
2640 (1975). 

6. A.M.Winther et al., Nature 495, 265 (2013). 

7. B.L.Akin, T.D. Hurley, Z. Chen, L.R. Jones, J. Biol. Chem. 
288, 30181 (2013). 

8. A.Odermatt et al., Genomics 45, 541 (1997). 

9. C.Toyoshima et al., Nature 495, 260 (2013). 

10. D.H.MacLennan, E.G. Kranias, Nat. Rev. Mol. Cell Biol. 4, 
566 (2003). 

ll. J.Zanetetal., Science 349, 1356 (2015). 


10.1126/science.aad9873 


15 JANUARY 2016 * VOL 351 ISSUE 6270 227 


INSIGHTS | PERSPECTIVES 


GENETICS 


IRES 
unplugged 


Cap-independent translation 


by IRESs can occur from 
various locations in mRNA 


By Fatima Gebauer’? and 
Matthias W. Hentze’ 


ll cellular messenger RNAs (mRNAs) 

have a '‘7-methylguanosine (m7GpppN) 

cap structure at their 5’ ends, which 

promotes efficient translation and 

mRNA stability. The cap is recognized 

by the translation initiation factor 
eIF4F. eIF4F recruits the 40S small ribo- 
somal subunit near the mRNA cap, which 
then scans the 5’ untranslated 


features that allow bioinformatic prediction, 
calling for experimental approaches to iden- 
tify them. 

The standard test to detect IRES activity 
within a given sequence is the bicistronic re- 
porter assay, where the candidate sequence 
is placed between two open reading frames 
(ORFs) or “cistrons” and is tested for its abil- 
ity to direct translation of the downstream 
cistron (4). The typically modest activities 
of cellular IRESs in the bicistronic assay, 
together with some poorly controlled pub- 
lished experiments, have fueled skepticism 
regarding the prevalence of IRESs in cellular 
mRNAs. However, the existence of ribosomal 
proteins seemingly dedicated to IRES-depen- 
dent translation supports IRESs as poten- 
tially important effectors of cellular mRNA 
translation (5, 6). Segal and colleagues (J) 
established a high-throughput bicistronic 
reporter assay to quantify IRES-dependent 
translation driven by thousands of fragments, 
174 nucleotides in length, derived from cellu- 
lar and viral mRNAs. A set of 583 cellular and 


mRNA complementarity. Whereas “global” 
IRESs could aid in ribosome recruitment 
by the interaction with translation initia- 
tion or other bridging RNA-binding factors, 
the “local” IRESs could in large part be 
based on Shine-Dalgarno-like mRNA-rRNA 
complementarity. 

IRESs populate not only the 5’UTR but 
also the ORF itself and, surprisingly, the 
3’UTR. Although the latter is intriguing and 
may suggest “shunting” of ribosomes from 
the 3’UTR to the initiation codon, possibly 
mediated by mRNA circularization (7), their 
unnatural placement upstream of an ORF 
in the bicistronic reporter assay calls for 
evaluation of these sequences within their 
natural contexts. Furthermore, the 3’UTR 
may contain cap-independent translation 
enhancers (CITEs), which can also function 
when placed at the 5’UTR (8). CITEs, found 
in plant viruses, recruit translation initia- 
tion factors and deliver them to the 5’ end 
of the mRNA via long-distance base pairing 
with the 5’UTR. Translation from CITEs re- 

quires scanning and therefore 


region (UTR) toward the initia- 40S eT differs from IRES-mediated 
A oca S . 

tion codon for subsequent pro- 185 rRNA translation. 

tein synthesis. In conditions of Ribosomal Active The article by Weingarten- 
stress or during viral infections, subunit region Gabbay et al. suggests that IRES- 
cap-dependent translation is mediated translation is also 
compromised. Internal ribosome widespread among viral RNAs. 
entry sites (IRESs) can bypass Fragments with IRES activity 
the cap to recruit ribosomes in- have been found along the poly- 
ternally to the transcript, help- protein region of several viruses, 
ing to secure appropriate protein mRNA ay rN 4) a Ci Ayn implying that IRESs might drive 
synthesis under such conditions. | WS | ww oe | @ | the independent expression of 
On page 240 of this issue, Wein- 5'UTR Onchireading tranie UTR viral proteins from within the 


garten-Gabbay et al. (J) report 
the systematic discovery of cel- 
lular and viral IRESs, identifying 
a substantial fraction of mRNAs 
(~10%) and viruses (~20%) with 
the potential to be translated by this cap-in- 
dependent mechanism. 

IRESs were first discovered as complex 
structures in the 5’UTRs of picornavirus 
transcripts and were later found to occur in 
other viral and cellular mRNAs (2). IRESs 
interact with translation initiation factors, 
with bridging RNA-binding proteins, or with 
the small ribosomal subunit itself, leading to 
ribosomal positioning at or near the initia- 
tion codon and typically promoting transla- 
tion initiation with little or no ribosomal 
scanning. IRESs have also been found as 
short sequence elements that can form base 
pairs with ribosomal RNA (rRNA), similar to 
Shine-Dalgarno sequences in bacterial trans- 
lation initiation (3). IRESs lack common 
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Cap-independent translation. Two types of IRESs are depicted in an mRNA, “global” 
(green) and U-rich “local” IRESs (pink), frequently with complementarity to the “active 
region” (yellow) of 18S rRNA, shown as part of the 40S ribosomal small subunit. 


471 viral novel 5°UTR IRESs emerged, with 
suitably rigorous controls showing they are 
neither cryptic promoter artifacts nor splice 
site artifacts. 

IRESs revealed by mutagenesis experi- 
ments can be classified into two types: 
“global” IRESs where complex, extended 
RNA structures are required to drive cap- 
independent translation, and “local” IRESs 
defined by short sequence motifs typically 
located within 60 nucleotides upstream of 
the initiation codon. Interestingly, some of 
these “local” IRES sequences display com- 
plementarity to a region of 18S rRNA, heli- 
ces h23 and h26, that was previously shown 
to contact mRNA (see the figure). Using 
scanning oligonucleotides with comple- 
mentarity to the entire 18S rRNA sequence 
in the bicistronic assay, a distinct region of 
18S rRNA (nucleotides 812 to 1233) includ- 
ing h23 and h26 was systematically defined 
as “active” for mediating IRES function by 
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major polyprotein ORF. This in 
turn might stimulate research 
into new antiviral strategies. 

Recent findings indicate that 
adenosine methylation (m®A) in 
the 5'UTR can also stimulate cap-indepen- 
dent translation through interactions with 
eIF3 (9). This type of translation differs from 
IRES-driven translation because it requires 
scanning and a free 5’ end. Together with 
the work of Weingarten-Gabbay et al., these 
results illustrate the diversity of cap-indepen- 
dent translation initiation mechanisms in 
mammalian cells. & 
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APPLIED OPTICS 


Tuning terahertz lasers 
via graphene plasmons 


The emission of a terahertz laser is controlled by 


graphene carrier density 


By Marco Polini 


lasmons (7) are collective density os- 

cillations that pertain to charged par- 

ticles, such as electrons and holes in 

solids. Although plasmons are often 

associated with metals, they are be- 

ing actively explored for graphene and 
related two-dimensional materials (2DMs). 
Graphene plasmons (GPs) (2) can achieve 
active functionalities in diverse device types. 
For example, mid-infrared (mid-IR) GPs have 
been used to enhance mid-IR photodetectors 
(3), vibrational sensing of surface-adsorbed 
polymers (4), and label-free detection of pro- 
tein monolayers (5). On page 246 of this is- 
sue, Chakraborty et al. (6) show that tunable 
graphene optical properties and GPs can be 
used to modulate the emission of a terahertz 
(THz) quantum cascade laser (7). Electromag- 
netic waves in the THz range (frequencies v 
between 0.3 and 10 THz, or wavelengths A be- 
tween 50 tum and 1 mm) can penetrate many 
materials and have many applications in im- 
aging and spectroscopy. 

In bulk metals, plasmons occur at high 
frequencies, typically from the visible to the 
ultraviolet. In low-dimensional semiconduc- 
tors, they typically fall in the band extending 
from the THz to the IR. If the right tricks 
are played to compensate the mistmatch be- 
tween the momentum of photons and plas- 
mons, plasmons can couple to light, yielding 
composite propagating quasiparticles called 
surface plasmon polaritons (SPPs). The 
hybrid light-matter nature of these quasi- 
particles yields SPPs with a wavelength i, 
shorter than the free-space wavelength roe 
Plasmonics takes advantage of this ability to 
confine light to very small volumes to create 
nanoscale optoelectronic devices. 

The recent marriage between graphene 
and plasmonics stems from two simple con- 
siderations. First, graphene and related 2DMs 
have carrier densities that can be tuned by 
electrical field-effect gating or chemical gat- 
ing. For a fixed photon frequency, SPPs in 
2DMs have a tunable wavelength, unlike or- 
dinary metal-based plasmonics, where such 
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field effects are blocked by strong screening. 
Second, high-quality 2DMs tend to host elec- 
tron systems with large room-temperature 
mobility, which should lead to long SPP life- 
times and weak losses. In ordinary metal- 
based plasmonics, losses hamper many 
applications (8). 


Cantilever 


while moving the tip enables spatial map- 
ping of propagating GPs. Such measure- 
ments of mid-IR plasmons in high-quality 
graphene sheets encapsulated between hex- 
agonal boron nitride crystals demonstrated 
ultralarge field confinement (A,/Ao = 1/150), 
an ultralow group velocity Y, ~v,, where v,, 
= 10° m/s is the graphene Fermi velocity), 
and a lifetime exceeding 500 fs (13). 
Chakraborty et al. consider a metal-based 
SPP waveguide inside a THz quantum cas- 
cade laser. Such plasmonic structures are 
used to control the properties of THz la- 
sers. When their regularity is broken—for 
example, by introducing an aperiodic series 
of subwavelength slits into the metal part 
of the waveguide—control of the spectral 
properties of the THz laser is achieved at 
multiple frequencies. Large-area graphene 


Backscattered 
infrared output 


Infrared input 


Subwavelength 
slit 


Terahertz output 


Probing plasmons in aperiodic lattice lasers. A component of the laser of Chakraborty et al. is a metallic waveguide 
covered by large-area graphene. Scanning near-field optical microscopy can probe the plasmons in graphene that 
control the laser; infrared light launches graphene plasmons from the metallized tip of an metallized atomic force 
microscope that are then imaged as backscattered light. Imaging plasmons in the laser device itself will require 
imaging through the polymer electrolyte that covers the graphene and imaging at ambient temperatures. 


Scattering-type scanning near-field opti- 
cal microscopy (SNOM) (9-13) provides an 
unprecedented ability to visualize GPs in 
real space. Illuminating the tip of an atomic 
force microscope launches propagating 
plasmons that are reflected by edges or 
defects (see the figure). The plasmons that 
reach the tip again are converted to light. 
Recording this light with a photodetector 
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flakes produced by chemical vapor depo- 
sition are then transferred over the wave- 
guide, and the entire device is covered by a 
polymer electrolyte, which is used to tune 
the carrier density in graphene. 

Two regimes were identified, depending 
on the value of the carrier density n, in gra- 
phene. When 7, is low [corresponding to a 
Fermi energy FE = hv an)” = 50 meV], the 
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GP wavelength is on the order of the slit 
width. In this case, it is as if the GPs repair 
the patterned waveguide, yielding a laser 
emission spectrum that is similar to that of 
an unpatterned waveguide (i.e., of a wave- 
guide without subwavelength slits). By con- 
trast, when 7, is large (corresponding to E, 
= 300 meV), the GP plasmon wavelength 
is much larger than the slit width. In this 
case, propagating THz SPP modes are ef- 
ficiently scattered by the subwavelength 
slits, and the laser emission spectrum is 
forced to be controlled by the collection of 
slits. 

Unfortunately, it is not yet possible to 
carry out THz SNOM spectroscopy on the 
existing devices for two reasons. The thick 
polymer electrolyte prevents the SNOM tip 
from getting close enough to the graphene 
sheet. This obstacle could be bypassed with 
a more complex architecture in which the 
patterned metal ridge is covered by a thin, 
optically transparent, electrically gated het- 
erostructure, such as graphene-hexagonal 
boron nitride-graphene. Also, SNOM mea- 
surements (9-13) are typically performed at 
room temperature, whereas THz quantum 
cascade lasers operate at cryogenic tem- 
peratures. Several labs are now working on 
low-temperature SNOM setups. 

The experimental results of Chakraborty 
et al. pave the way for the creation of a new 
generation of THz semiconductor lasers 
where gate-tunable spectral control is en- 
abled by graphene. One can imagine device 
architectures in which the properties of 
a single subwavelength slit are program- 
mable by local gating. More generally, this 
work is further proof of the great potential 
of graphene in THz technologies (J4), in- 
cluding modulators, detectors, generators, 
and reflectarray antennas. & 
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Sampling the 


Moon's atmosphere 


In situ measurements reveal details of the 
production and evolution of the lunar exosphere 


By Catherine Dukes' and Dana Hurley” 


n H. G. Wells’ 1901 science fiction classic 

The First Men in the Moon, two protago- 

nists, English businessman Mr. Bedford 

and the eccentric physicist Dr. Cavor, 

knock back a special enervating con- 

coction designed to expand their lungs, 
followed by the requisite fortifying brandy, 
before venturing onto the Moon’s surface 
to breathe the rarefied lunar atmosphere. 
Even more tenuous than Wells’ imagined 
environment, the lunar exosphere is an at- 
mosphere so thin that atoms never collide, 
bounded on one side by the lunar surface 
and extending thousands of kilometers out 
into space. This low-density envelope re- 
sults from a balance among the influx of 
material from the Sun, outgassing from the 
Moon’s interior, delivery from meteoritic 
bombardment, and the loss of material to 
space as well as recycling in the lunar sur- 
face (see the figure). The precise formula 
for the formation of the lunar exosphere 
is unknown, but recent data from orbital 
spacecraft are being used to delineate the 
relative contributions from different pro- 
cesses. On page 249 of this issue, Colaprete 
et al. (1) report measurements of sodium 
and potassium (Na and K) in the lunar 
exosphere based on observations from the 
Ultraviolet and Visible Spectrometer (UVS) 
aboard NASA’s Lunar Atmosphere and Dust 
Environment Explorer (LADEE), which ac- 
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quired continuous dayside and nightside 
measurements of exospheric Na and K over 
multiple lunar orbits. 

The UVS measurements provide a step 
toward determining the composition of 
the lunar atmosphere and the processes 
that control the distribution and variabil- 
ity of its components. Although Na and K 
are only minor constituents of the Moon’s 
mostly inert (argon, helium, and neon) at- 
mosphere, they have strong resonant scat- 
tering signals and can be readily observed 
with ground-based telescopes to monitor 
the health of the lunar environment (2, 3). 

Variation of the Na and K density appears 
diurnal—tied to the day-night periodicity 
that occurs with the Moon’s rotation—in 
a more dramatic manner than previously 
measured (J, 4). This temporal pattern sug- 
gests that volatile Na and K from the lu- 
nar regolith (a planetesimal’s outer layer 
of loose rock and dust) are liberated from 
the surface by radiation from the Sun, ei- 
ther by solar photons that desorb Na and K 
from the lunar surface (5) or by solar wind 
ions, which can sputter atoms from alkali- 
containing minerals such as the plagioclase 
feldspars that make up a large fraction of 
the lunar highland and mare crust. Solar 
wind ions may play an additional role, as 
the keV protons and helium atoms impact 
the lunar surface, breaking bonds within 
the irradiated material and facilitating the 
diffusion of volatile atoms to the mineral 
surface to be subsequently removed by pho- 
todesorption or sputtering (6). 

One way to better differentiate between 
the photon-generated exosphere and one 
populated by sputtered atoms is to moni- 
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tor Na and K densities during the time the 
Moon moves through Earth’s magnetotail. 
The magnetotail is a portion of Earth’s 
magnetic field that extends away from the 
Sun, pushed outward by the force of the 
solar wind. Here, ions and electrons from 
the Sun are deflected, creating a region 
that is generally free of solar wind charged- 
particle irradiation. When the Moon passes 
through this region, approximately 3 days 
preceding and then following the full 
Moon, it can be assumed that photons 
dominate any surface interaction. 

The first studies of lunar exospheric so- 
dium measured a decrease in Na density 
during the Moon’s transit through Earth’s 
magnetotail (2), suggesting that solar wind 
sputtering is the primary initiator of the 
lunar Na exosphere. However, subsequent 
measurements contradicted this result (7- 
9). LADEE UVS data reveal a much more 
complicated dependence for Na: decreas- 
ing as the Moon moves into the magneto- 
sphere, then increasing to a local maximum 
before declining again. Simultaneous ob- 
servation of the K density, about an order 
of magnitude lower than that of Na, does 
not clarify the picture, as no change to the 
diurnal variation appears to occur during 
the Moon’s transit through the magnetotail. 
This may be merely a function of the de- 
creased intensity, or may be an additional 
indication that the evolution of the exo- 
sphere is a highly complex process. 

One conclusion from the new LADEE 
data is the intimate association between 
the lunar surface and exosphere, which 
implies a strong correlation between the 
K abundance in the lunar exosphere and 
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KREEP (potassium, rare earth elements, 
and phosphorus) regions on the Moon’s 
surface. Potassium incorporated in lunar 
minerals is relatively rare and found in 
a few well-defined regions on the Moon’s 
surface (10), allowing a straightforward 
comparison. The exosphere-surface rela- 
tionship is less pronounced for Na, which 
is more uniformly distributed across the 
lunar map. 

The role of meteoritic bombardment has 
also been investigated by monitoring the lu- 
nar environment as the Earth-Moon system 
passed through known meteor streams. As 
meteorites impact the lunar surface, ther- 
mal heating occurs and material from the 
regolith is ejected with a composition simi- 
lar to the surface mineralogy. Colaprete et 
al. report short-term increases in Na and K 
during the Moon’s transit through meteor 
streams, but more tellingly, they find strong 
evidence for a Na annual cycle that strongly 
influences the exospheric budget. Colaprete 
et al. suggest that this is caused by the im- 
pact exposure of fresh Na-containing sur- 
faces and redeposition of Na released into 
the exosphere (11). This is consistent with 
a trend hinted at by the Japanese Kaguya 
mission, which observed a local maximum 
for exospheric Na during its 7-month scru- 
tiny of the lunar nightside (2). Interestingly, 
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the variations induced by meteor streams 
are comparable to the magnitude of the di- 
urnal variations. 

For now, the production and evolution 
of the lunar atmosphere remains an open 
question, one that is particularly relevant to 
understanding exospheres across the solar 
system, from Mercury to the asteroid belt to 
Saturn’s moons and beyond. With such an 
amalgam of competing processes and vari- 
ability on multiple time scales, Mr. Bedford 
and Dr. Cavor would need multiple fore- 
casts to determine the required lung expan- 
sion for venturing onto the lunar surface. @ 
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Creating an atmosphere. The lunar exospheric composition and density result from a time-varying balance between 
production and loss. Primary mechanisms generating exospheric atoms include photostimulated desorption, solar 
wind ion sputtering, meteoritic bombardment, radioactive decay, and thermal desorption. Exospheric atoms may be 
lost to space, photoionized, and swept away by the solar wind or Earth's magnetosphere, trapped in cold, permanently 
shadowed regions, or bonded to chemically active surface atoms. 
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Unleashing the beast within 


Adaptations that gave our ancestors an evolutionary edge 
can cause major problems for modern humans 


By Pascal Wallisch 


conomists like to assert that humans 

are cool calculators of maximal util- 

ity, considering all options, then de- 

ciding on a course of action that leads 

to the best outcome possible, given 

the situation. In this light, it seems 
puzzling that the news is chock 
full of reports of people who 
seem to violate this presump- 
tion, sometimes violently. 

Why We Snap by R. Douglas 
Fields attempts to explain this 
seeming paradox from the per- 
spective of neuroscience. The 
book nicely illustrates an irony 
of evolution: Much of what 
evolved to keep us safe can get 
us into serious trouble in the 
modern world. 

Bouts of rage that lead to 
violence are akin to black swan 
events—unpredictable often 
even to the perpetrator but 
extremely memorable and mo- 
mentous in hindsight. Fields 
outlines nine specific triggers 
that are likely to unleash rage: 
threats to life and limb; threats 
to mates, family members, and 
the tribe; insults to oneself or 
the social order; encroachment 
on territory or resources; and 
being prevented from freely 
pursuing one’s actions. 

Throughout evolutionary 
history, each of these triggers 
represented an_ existential 
threat to our continued survival. For in- 
stance, nonphysical insults, although not 
inherently life threatening, potentially en- 
danger one’s social standing, which for our 
ancestors meant that one’s access to re- 
sources and/or mates was directly at risk. 

The circuitry that kicks in when en- 
gaged by these triggers involves areas deep 
within the brain, particularly the amyg- 
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dala (to perceive the threat) and the hypo- 
thamalus (to initiate the violent response). 
The circuitry involved is extremely trigger- 
specific, at least in rodents: Threats to 
life and limb, triggered by the presence of 
a cat, activate regions of the hypothamalus 
different from those activated by territory 
encroachment, triggered by introducing 


Everyone knows what rage looks like, but to understand what triggers it and why, it 
helps to take a closer look at the underlying brain circuitry. 


another rat, for example. Although the de- 
tails of this subcortical circuitry are still an 
area of active research, it seems apparent 
that we are subject to the outputs of a sys- 
tem that continuously performs an analy- 
sis of ancient threats. 

Today, if someone commits a violent 
act, it often seems out of proportion to 
the events that triggered it. Most bar- 
room brawls, for example, are started by 
trivial insults or minor disagreements. 
Modern environments constantly trigger 
false alarms of this ancient circuitry—false 
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Why We Snap 
Understanding the Rage 
Circuit in Your Brain 

R. Douglas Fields 
Dutton, 2015. 416 pp. 


alarms that can lead to violence. 

Fortunately, we are not entirely at the 
mercy of our subcortical brain. The pre- 
frontal cortex can quench violent urges 
before we take action. The trigger thresh- 
old is not constant; it varies between and 
within individuals. Alcohol and stress can 
lower the threshold, whereas behaviors 
that reinforce one’s commitment to non- 
violence, such as those practiced by Jains 
and Quakers, can raise it. Unfortunately, 
the book’s discussion of individual differ- 
ences is surprisingly light. 

A book of such an ambitious 
scope cannot be expected to be 
without flaws. In an attempt to 
ground the rage circuitry in a 
broader framework of uncon- 
scious information processing, 
the book goes on various tan- 
gents that are ultimately a dis- 
traction, including discussions 
of the nature of intuition and 
how the visual cortex of blind 
individuals can sometimes ex- 
tract information from other 
senses, allowing the blind to 
“see” with their fingers. In con- 
trast, a discussion of psychoac- 
tive drugs and their relation 
to violent behavior is entirely 
missing. The book would also 
have benefited from clearer 
distinctions between the sci- 
ence (performed mostly in 
rodents) and Fields’s personal 
opinions about the implica- 
tions of this research. 

Much of western philosophy 
and our current societal struc- 
ture, including the legal system, 
presumes that humans are ra- 
tional actors who know right 
from wrong, making us culpable in the 
case of wrongdoing. However, this model 
was conceived thousands of years before 
modern neuroscience. If we are to have any 
hope of stemming violent behavior, it may 
be time to start incorporating our under- 
standing of this ancient circuitry into pub- 
lic policy. Why We Snap is an important 
and timely book that uses neuroscience to 
illustrate why society must come to terms 
with our evolutionary heritage. 
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MEDICINE 


Evening 
the odds 


Researchers tweak the 
genetic lottery for children 
with rare diseases 


By Nora Yang 
66 ew quests are as seductive or 

as demanding as the search to 
cure a disease,” affirms Philip R. 
Reilly in his new book, Orphan: 
The Quest to Save Children with 
Rare Genetic Disorders. The 
courage to mend nature’s mistakes, the de- 
sire to provide a child with a healthy life, 
and the aspiration to understand the inner 
workings of life itself drive those who set 
out to find cures for diseases. The journey, 
however, is an arduous one, often lasting 
for decades and laden with setbacks and 
defeat. 

In his book, Reilly chronicles the quest 
to end a particular subset of human dis- 
eases: rare genetic disorders that arise 
when our DNA goes awry. Like any lottery, 
these genetic mishaps are merely a mat- 
ter of probability. Many genetic errors are 
innocuous to their DNA bearers. Some ge- 
netic errors are lethal to the embryo and 
will never get passed on to offspring. For 
the rest, the genetic errors manifest them- 
selves through various forms of disease. In 
the United States, 1 out of 33 babies are 
born every year with genetic defects that 
cause disorders characterized by a wide 
range of debilitating symptoms, includ- 
ing misshapen and dysfunctional organs, 
mental disability, severe immune defi- 
ciency, and metabolic disorders (7). A rare 
disease, sometimes called an “orphan dis- 
ease” since the passing of the Orphan Drug 
Act of 1983, is defined by the U.S. Food and 
Drug Administration (FDA) as any disease 
that affects fewer than 200,000 patients in 
the United States. 

Orphan begins with the rare genetic dis- 
orders’ “dark age,” recounting the pain and 
suffering of sick children, the desperation 
and financial ruin to their families, and 
the relentless pursuit by parents, physi- 
cians, and scientists of ways to improve 
their lives. Owing to their heroic efforts, 
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Nearly 40,000 individuals with phenylketonuria live normal lives today, thanks to the development of a highly 


accurate newborn screening test in the 1960s. 


we now have treatments or even cures for 
numerous genetic diseases. The book is a 
magnificent gift for those on the quest to 
conquer genetic disorders, retracing roads 
to successful treatments and providing 
suggestions for the next trails to be blazed. 

If no one in your extended family has 
one of the more than 4000 rare genetic 
disorders that have been identified, you 
belong to the lucky few winners of the ge- 
netic coin toss. Collectively, an estimated 
30 million (1 in 10) Americans suffer from 
rare diseases. The occurrence of “rare” dis- 
eases in societies can be as frequent as the 
occurrence of cancer or diabetes. 

A close examination of rare diseases re- 
veals that scores of seemingly unrelated 
rare disorders with completely different 
symptoms share common genetic causes. 
The story of enzyme replacement therapy 
(ERT), as told by Reilly, is a case in point. 
After decades of searching, Cerezyme, the 
first ERT, was approved by the FDA to 
treat Gaucher’s disease. A protein product 
made in a factory, Cerezyme carries out the 
job that the inherited, defective enzyme 
fails to do, allowing patients to live unob- 
structed by the genetic defect they carry. 
This approach has been applied to many 
other disorders whose origins are rooted 
in the existence of a missing or defective 
enzyme. 

Now, more progressive approaches 
such as gene therapy, gene editing, cell 
therapy, microbiome therapy, and system 
biology are all poised to deliver new cu- 
rative therapies for genetic diseases. New 
technologies are being developed that may 
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someday give us the tools to beat the odds 
of the genetic lottery and provide every fe- 
tus with a fully functional genome when it 
enters our world. 

As we acquire technologies to more 
precisely shape the human genome, fierce 
ethical debate ensues. Where do we draw 
the line between treating a genetic disor- 
der and eugenics? When we change DNA 
composition in a fetus to cure an im- 
mune deficiency disorder, can we not also 
change the genes that enhance its immune 
system, so that it can better fight diseases 
in life? While correcting a fetus’s gene to 
avoid stunted mental development, could 
we also change its genetic makeup to en- 
hance its intelligence? Who should decide 
and regulate how to use the knowledge 
and technologies that can change a per- 
son’s life? 

Societies will grapple with these and 
many other related questions for years to 
come. For now, we focus on continuing the 
quest to save as many children as possible 
from the devastating effects of rare genetic 
disorders. 
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Weather stations 
lack forest data 


ACROSS THE GLOBE, weather stations 
record temperatures for numerous 
purposes, including real-time weather 
analyses, climatological and biological 
studies, and agriculture. Yet, virtually all 
weather stations on land follow the World 
Meteorological Organization’s guidelines 
that sensors should be installed well away 
from trees (1-3). Thus, although warming 
of the terrestrial macroclimate is clearly 
evident from weather station data, we 
actually do not know how 
temperatures are chang- 
ing beneath trees. 

This is a major concern 
because forests cover 
27% of the land surface 
on Earth and harbor 
two-thirds of all terres- 
trial biodiversity (4, 5). 
Much of this diversity 
lives below the upper 
foliage of trees. The scarce 
microclimatic data that 
are available from forest 
understories record non- 
uniform and nonlinear 
responses of subcanopy 
temperatures to above- 
canopy warming (and 
even buffering against 
temperature changes), due to factors such 
as canopy structure, season, tree species, 
and management (3). This makes subcanopy 
temperatures hard to predict from open- 
field measurements. 

The fact that standard terrestrial weather 
stations are not installed in forests is of 
paramount importance for climate effects on 
processes that take place in the shade, such 
as tree regeneration, biodiversity dynamics, 
and nutrient, water, and carbon cycling, 
and thus also for macroclimate modeling (6, 
7). To further our understanding of climate 
change, we urgently need to better quantify 
how temperatures are changing inside the 
world’s forests. 
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Weather radar station in Germany. 
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Visa rules imperil 
collaboration 


THE TRAGIC EVENTS in Paris, France, and 
San Bernardino, California, have led to an 
unfortunate response by U.S. lawmakers. 
In an amendment to the recently signed 
omnibus bill, changes to 
the Visa Waiver Program 
(VWP) were enacted 
that will substantially 
affect global scientific 
collaborations and 
exchanges. The program 
previously allowed 
citizens of 38 nations 

to travel to the United 
States without a visa 

for up to 90 days—a 
great boon to scientists 
and academics who 
wished to participate in 
conferences or take part 
in research projects. 
Indeed, the goal of the 
program was to encour- 
age such interactions by 
reducing barriers to travel. 

The changes to this program focus on 
four countries in the Middle East and 
North Africa (MENA) region (7). Dual 
nationals of Iran, Iraq, Syria, and Sudan, 
as well as others who have traveled to 
those countries since 2011, are prohibited 
from traveling to United States without a 
visa by the VWP (2). Given the potential 
for reciprocal restrictions upon American 
travelers by other countries (3), this change 
will impede global scientific exchanges 
and dialogue and will obstruct the work 
of scientists and health professionals who 
travel to the MENA region, including 
members of charitable organizations such 
as Doctors Without Borders, UNICEF, and 
Save the Children. As scientists, we need to 
work diligently to create communities that 
model successful and peaceful collabora- 
tions [e.g., (4, 5)], and the changes to the 
VWP stand in the way of that mission. 

During the Cold War, American and 
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Russian scientists collaborated to develop 
groundbreaking prototypes to the oral 
polio vaccine (6). The danger posed by 
the Cold War was at least as great and 
arguably greater than the current danger 
from terrorism; yet, despite open enmity 
between nations, scientific collaborations 
produced a breakthrough that prevented 
millions of people from dying or becoming 
disabled due to polio. Are we willing to 
sacrifice that kind of progress out of fear 
of terrorism? 
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Mechanistic biological 
modeling thrives 


IN THEIR PERSPECTIVE “Systems biology 
(un)certainties” (23 October 2015, p. 386), 
P. D. W. Kirk et al. may give readers the 
impression that mathematical modeling 
and computer simulations of biological 
systems have fallen on hard times, owing to 
difficulties in measuring parameter values. 
The authors write that quantitative model- 
ing in biology is under attack for applying 
data-driven models whose structure and 
parameters lack physical meaning. They 
suggest that such abstract models are neces- 
sary because biological parameters are hard 
to measure. In spite of their intrinsic limita- 
tions (1), we agree that abstract models can 
be powerful tools to address systems such 
as gene networks. We also agree that uncer- 
tainties should be reported. 

However, we wish to stress that physi- 
cally motivated, mechanistic modeling of 
complex biological systems is thriving, 
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driven in large part by increasingly 
accurate measurements of molecular 
numbers, activities, and organization in 
live cells (2) and even in whole organisms 
(3). Whenever available, such information 
should be incorporated to constrain the 
structure and parameters, as it improves 
the model’s ability to identify the mecha- 
nism. Thus, it is misleading to write that 
“fundamental physical laws...often do not 
provide a good starting point for under- 
standing how biological organisms and 
systems work” or that “the abundances 
of all the key players (molecules, cells, or 
individuals) cannot be measured simulta- 
neously and continuously.” 

Microscopically realistic modeling, 
constrained by independent parameter 
measurement, has driven the physical 
sciences for centuries. As in these fields, 
model predictions in modern quantitative 
biology often motivate new experiments 
that yield parameter values and structural 
revisions, and successful models converge 
on the actual molecular mechanism over 
time. Only mechanistic models allow physi- 
cal principles and intuition gleaned from 
countless previous studies to be called upon 
to guide model development. 
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TECHNICAL COMMENT 
ABSTRACTS 


Comment on “Broken translational and 
rotational symmetry via charge stripe 
order in underdoped YBa,Cu,0,,.” 

B. V. Fine 

Comin et al. (Reports, 20 March 2015, 

p. 1335) have interpreted their resonant 
x-ray scattering experiment as indicating 
that charge inhomogeneities in the family 
of high-temperature superconductors 
YBa,Cu,O,,,, (YBCO) have the character 

of one-dimensional stripes rather 


than two-dimensional checkerboards. 
The present Comment shows that one 
cannot distinguish between stripes and 
checkerboards on the basis of the 

above experiment. 

Full text at http://dx.doi.org/10.1126/science. 
aac4454 


Response to Comment on “Broken 
translational and rotational symmetry 
via charge stripe order in underdoped 
YBa,Cu,0,,,.” 

R. Comin, R. Sutarto, E. H. da Silva Neto, 
L. Chauviere, R. Liang, W. N. Hardy, D.A. 
Bonn, F. He, G. A. Sawatzky, A. Damascelli 
Fine questions our interpretation of 
unidirectional stripes over a bidirectional 
checkerboard and illustrates his 

criticism by simulating a momentum 
space structure consistent with our data 
and corresponding to a checkerboard- 
looking real space density. Here, we use 

a local rotational-symmetry analysis to 
demonstrate that the simulated image is 
actually composed of locally unidirectional 
modulations of the charge density, 
consistent with our original conclusions. 
Full text at http://dx.doi.org/10.1126/science. 
aac4778 
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Comment on “Broken translational and 
rotational symmetry via charge stripe 
order in underdoped YBayCu,0¢.y” 


B. V. Fine??* 


Comin et al. (Reports, 20 March 2015, p. 1335) have interpreted their resonant x-ray 
scattering experiment as indicating that charge inhomogeneities in the family of 
high-temperature superconductors YBazCu30¢+, (YBCO) have the character of 
one-dimensional stripes rather than two-dimensional checkerboards. The present 
Comment shows that one cannot distinguish between stripes and checkerboards on 


the basis of the above experiment. 


omin et al. (1) conducted a resonant x-ray 
scattering (RXS) experiment for three dif- 
ferent compounds belonging to the fam- 
ily of high-temperature superconductors 
YBayCu;0¢. (YBCO). The experiment fo- 
cused on the accurate measurements of the 
shapes of four charge-ordering peaks appearing 
in the RXS structure factor S(qz,qy) at posi- 
tions {+Qo, 0} and {0,+Qo}, where Qo = 1/2 in 
the units of inverse lattice period. These peaks 
can originate from either two-dimensional (2D) 
checkerboard-like modulations of charge density 
or 1D stripe-like modulations. The stripe interpre- 
tation implies that the sample can be fully par- 
titioned into regions of mutually orthogonal 1D 
modulations. Each such region would generate 
only two dominant peaks at either {+Qo,0} or 
{0,+Qo}. The checkerboard interpretation im- 
plies that, under any partition, there will be regions 
generating all four peaks with comparable inten- 
sity. Distinguishing between stripes and checker- 
boards was the goal of Comin et al. In other 
families of high-temperature superconductors, 
this goal proved to be notoriously difficult to 
achieve [see, for example, (2-5)]. In particular, the 
experimental effort of (3) and the discussion given 
in (4) are very reminiscent of the present case. 
Comin et al. have found that the shapes of 
measured charge peaks are elongated in the 
direction perpendicular to the wave vectors de- 
fining the centers of the peaks. In their analysis, 
the above authors associated the finite width of 
the peaks with the finite size of either stripe or 
checkerboard domains and then, in the main text 
of the Report, they pointed out that, in the case 
of checkerboards, the shapes of individual peaks 
should either have the fourfold symmetry—i.e., 
not be elongated—or the orientation of the 
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elongation should be different. At the same time, 
stripe domains could reproduce the observed 
elongated peak shapes. The supplementary mate- 
rials, however, indicated that the difference was 
not so clear-cut, because “canted” checkerboard 
domains would reproduce the observed elonga- 
tion of the charge peaks as well. Comin et ai. 
then introduced a quantitative constraint on the 
canted checkerboard scenario (equation S16 of 
their supplementary materials) and, in supple- 
mentary table S3, showed that their experimental 
results violate this constraint. Finally, Comin et al. 
concluded that their experimental observations 
are incompatible with checkerboard modulations 
and hence indicate stripe-like modulations. 

The goal of this Comment is to raise the 
objection to the above conclusion. The problem 
with the reasoning of Comin e¢ al. is that, in- 
stead of doing the Fourier analysis directly, they 
adopted various oversimplifying assumptions 
involving rigid domains of perfectly periodic 
structures for both stripes and checkerboards. 
Adopting a domain picture amounts to an implic- 
it assumption of a certain kind of phase coher- 
ence between different Fourier components of 
the charge modulation, for which, to the best of 
this author’s knowledge, there is no experimen- 
tal evidence. At the same time, in the opposite 
limit of no coherence between different modula- 
tion harmonics, sufficiently narrow charge peaks, 
such as those observed by Comin e¢ al., are consis- 
tent with a rather routine-looking checkerboard 
modulation irrespective of the shape of the peaks. 

To demonstrate the above statement, let us 
assume Gaussian peak shapes (which will not 
be essential for the conclusions) and represent 
the four peaks in the structure factor as 


S(Gx, Vy) 
: (Aer Gear 
ee ee 
i=1 at 


Yt 


where 7 is the index of the peaks; {Q,i,Qy,;} are 
the positions of the centers of the peaks admitting 


values {Qo, 0}, {-Qo, 0}, {0, Qo}, and {0, -Qo}; 
Gri, Oy; are the peak widths in the directions in- 
dicated by the subscripts; and A; = re are 
the normalization constants. 

Let us choose Qo = 1/2 and then op; = 
0.085 Qo, Gy; = 0.2 Qo for peaks centered at 
{Qo, 0} and {-Qo, 0}, and o7,; = 0.15 Qo, oy; = 
0.1 Qo for peaks centered at {0, Qo } and {0, —Qo}. 
The resulting structure factor S(qz,q,) is plotted 
in Fig. 1A. Such a choice of parameters violates 
the constraint [equation S16 of (D] on the canted 
checkerboards by a factor of about 2. In the 
framework of the assumptions adopted in (7), these 
four peaks cannot correspond to a checkerboard. 

Figure 1B demonstrates the 2D Fourier trans- 
forms of the above structure factor, which gives 
the correlation function C(a,y) = (5p(@ + ap, 
Y + Yo)5P(Xo; Yo)) ay yo» Where 5p(x, y) describes 
the fluctuation of the charge density with respect 
to the average value, and (...) (a, y,) denotes aver- 
aging over 2 and yo. Independently of the shape 
of the four narrow peaks, C(a,y) is bound to 
show strong checkerboard correlations of the 
kind appearing in Fig. 1B. 

Now, to generate a possible pattern of 2D den- 
sity fluctuations 5p(a, y) underlying the peaks in 
S(dv, Gy), let us recall that the S(qx, dy) also rep- 
resents the square of the amplitude of a har- 
monic with wave numbers {qz, Gy}. Therefore, for 
the sake of producing an example, let us resolve 
the spectral peaks around {Qp,0} and {0, Qo} 
into two 41 x 41 grids of discrete Fourier com- 
ponents uniformly spanning the ranges [-40,;, 
407,] and [-40y;,40y,;| around the peak centers 


A S149) 


Fig. 1. Fluctuating checkerboard modulation 
of charge density. (A) Four charge modulation 
peaks in the structure factor S(qx, gy) with param- 
eters given in the text. (B) Density-density corre- 
lation function C(x, y) obtained as the 2D Fourier 
transform of S(qx,qy) given in (A). (©) Example 
of density modulation dp(x,y) corresponding to 
S(qx.qy) given in (A). 
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in the x and y directions, respectively. [The ap- 
parent character of the resulting function 5p(a, y) 
does not change, if a denser {qz, gy} grid is used.] 
The density modulations in the real space are then 
obtained as 


5p(a,y) = ) Gm COS(Ja,m® + Iy.mY + Pm) (2) 


m 


where index m labels all 2 x 41 x 41 discrete 
Fourier components participating in the expan- 
sion, @m = \/S(Gz,m,; Wy,m) the corresponding am- 
plitude (up to a normalization constant), and @,, 
is the random phase of each component. 

The numerically generated function 8p(2, y) 
for one possible set of random phases 9,, is 
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shown in Fig. 1C. It conveys a clear impression of 
a fluctuating checkerboard, in fact not much dif- 
ferent from the results of the scanning tunneling 
microscopy experiments (6, 7) for other cuprate 
compounds. As seen in Fig. 1C, the randomness 
of the phases @,, implies that the correlation 
length controlling the width of the charge 
modulation peaks originates from the distor- 
tions of mostly continuous superstructures rather 
than from the domains of perfectly periodic 
modulations. 

To conclude, the experimental results re- 
ported in (1) represent new valuable microscop- 
ic information that has implications for both the 
stripe and the checkerboard scenarios of charge 
modulations in cuprates. As such, however, the 


above results do not rule out the checkerboard 
modulations. 
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Response to Comment on “Broken 
translational and rotational 
symmetry via charge stripe order in 
underdoped YBayCuz0¢.” 


R. Comin,»”* R. Sutarto,® E. H. da Silva Neto,’”** L. Chauviere,?””’ R. Liang,” 
W. N. Hardy,” D. A. Bonn,” F. He,? G. A. Sawatzky,”? A. Damascelli??* 


Fine questions our interpretation of unidirectional stripes over a bidirectional 
checkerboard and illustrates his criticism by simulating a momentum space structure 
consistent with our data and corresponding to a checkerboard-looking real space density. 
Here, we use a local rotational-symmetry analysis to demonstrate that the simulated 
image is actually composed of locally unidirectional modulations of the charge density, 


consistent with our original conclusions. 


e recently found that the symmetry of 
the underlying instability responsible 
for the charge order observed in the 
cuprate superconductor YBayCu30¢6+y 
(YBCO) is of a unidirectional (1D) stripe 
rather than bidirectional (2D) checkerboard type 
(2). Fine (2) questions this conclusion by provid- 
ing an example of charge modulation seemingly 
consistent with a bidirectional checkerboard mod- 
ulation, but having the necessary characteristics 
of 1D order as per the definitions in (J). In the 
following, we will show that this is not the case. 
The charge modulation patterns presented 
in figure 1, B and C, of Fine’s Comment give the 
overall impression of a globally 2D order. How- 
ever, establishing whether this corresponds to 
a true checkerboard or stems from the coexist- 
ence of two independent 1D modulations is a 
much subtler issue, even in the simple case of 
Fine’s figure 1C. A unidirectional charge order 
instability is accompanied by the breaking of 
fourfold symmetry, but its detection can be ob- 
scured by the presence of 90° rotated domains, 
giving rise to what might appear as a globally 
2D modulation. We have analyzed the density 
wave pattern in Fine’s figure 1C and determined 
that it locally breaks D4, symmetry and is thus 
best described as the superposition of two inde- 
pendent, locally 1D modulations. 
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In (J) we implemented an analysis based on 
these symmetry considerations, which allows 
discriminating the two scenarios discussed above. 
We note that our conclusion in favor of charge 
stripe order is supported by two completely in- 
dependent pieces of evidence: (i) the symmetry 
analysis of the RXS structure factor performed 
for a variety of configurations, including domains 
as well as canted domains (this is what Fine 
questions in his Comment); and (ii) the intrinsic 
unidirectionality observed for the competition 
between charge order and superconductivity [see 
figure 3 in (2) and the discussion of the strong 
anisotropy in the temperature evolution of the 
charge-order correlation length]. 

Hereafter, we will present quantitative coun- 
terarguments to the thesis outlined in Fine’s 
Comment. Stripe order is a smectic charge- 
ordered state (3)—i.e., one breaking both trans- 
lational and fourfold rotational (D4;,) symmetry. 
To reveal and characterize the local breaking 
of these symmetries, we have analyzed the real- 
space density map proposed by Fine in his 
figure 1C in terms of its local D4,-symmetry 
breaking. We seek to isolate the two real-space 
density components that are modulated along 
x and y [8p,(r) and dp,(r)]. We do this by 
taking a local Fourier transform that is often 
used to analyze scanning tunneling microscopy 
(STM) data [see e.g., the supplementary mate- 
rials of (4)] 


, 
jr -r/2 


1 foil x! 
Spelt) =r > Bole!) ee" eS (1) 


and similarly for 5p,(r). Here, 5p(r) is the ori- 
ginal real-space density pattern, and I is chosen 
to be appropriate to the domain sizes observ- 
able in 8p(r) (T ~0.22Q~'). As a formally defined 
metric for the checkerboard state, we use two 


similar definitions of a local-order parameter, 
following a previous theoretical study (5) and 
more recent experimental STM work (6). These 
two quantities, respectively denominated 2j(r 
and X»(r), are defined as follows 


Ei(r) = ([8py(r)[? - [8Pe(r)|?)/(l8py(x)I? 
+ [8p2(r)|*) (2 


Xo(r) = ([8py(r)| — [8Px(t)1)/ (Spy (x)| 
+ [8p2(r)I) (3 


These local order parameters are bound between 
-1 and 1; whereas +1 (-1) corresponds to stripes 
propagating along y (x), 0 is a pure checkerboard 
state (ie., fourfold symmetric), where the two 
density modulations need to have locally the 
same amplitude, a necessary condition for D4, 
point group symmetry to be preserved. 

The plot of 2)(r) is superimposed on the real- 
space density map (Fig. 1, A and B). The presence 
of multiple colorful patches implies the existence 
of extended regions with local stripe modula- 
tions predominantly along y [i.e., 2: (r) = 1, red] 
or predominantly along 2 [i.e., X1(1) = -1, blue]. 
The choice of a threshold value for 2; (1) separat- 
ing bidirectional from unidirectional nanoregions 
would be arbitrary, and ultimately, only the ex- 
tremal values correspond to well-defined order 
parameters. However, the existence of extended 
stripy regions reveals a clear tendency of the 
charge density to locally break D4, point group 
symmetry. Similar observations can be made for 
the corresponding plots of X»(r) (Fig. 1, C and D), 
where blue and red ellipses in Fig. 1C illustrate 
the location of # and y stripy domains, respec- 
tively, confirming the existence of extended re- 
gions with local stripe modulations. 

We note that, even in the original density pat- 
tern, it can be observed that most regions ap- 
proach a unidirectional character, even though 
the general appearance of the image gives an 
overall impression of a checkerboard motif. This 
is visualized in the a- and y-projected density 
maps of Fig. 1E [5p,,(r)] and IF [6p,(r)]. 

The overall picture is essentially what one 
would obtain by taking the real-space schematics 
in figure 2A of (7) and partially overlapping the 
stripy domains on top of each other. An equiva- 
lent configuration (from the perspective of the 
reciprocal space representation) would be ob- 
tained with a criss-cross pattern of stripes in 
adjacent CuO, planes within a bilayer because 
of our inability to resolve the c-axis-projected 
structure of the charge-ordered state. In (1), we 
showed only disjointed stripy domains for illus- 
trative purposes; we did not assume that the in- 
dividual stripy domains have to be segregated. 

Finally, we can also calculate the cross- 
correlation coefficient 


Toxins aD (Py(r) ~ Pe (py (r) in Py) (4) 


9p 


y 


where p,, (p,) are the density amplitudes along 
L(Y); Gp, (©p,); the corresponding standard de- 
viation, and nm is the number of discretized 
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Fig. 1. Symmetry analysis in real and reciprocal space. (A) Map of the order parameter (local “stripiness”) £)(r), calculated as outlined in the text, overlaid 
on top of the original map in (B). (C and D) Same as (A) and (B), but for the Z2(r) order parameter. Density modulations along x (E) and y (F), extracted from 
the data set used in figure 1C of Fine’s Comment [blue and red ellipses are the same as in (C)]. 


spatial points. This leads to 7,5, ~ 0.25, once 
again closer to the limit of pure stripe (rp, Py = 0) 
than checkerboard (rp, = 1) order. 

In conclusion, the specific counterexample 
provided by Fine also belongs to the general case 
of a locally unidirectional charge modulation, 
albeit with partially overlapping 90°-rotated 
domains, as opposed to an actual checkerboard. 
Such a topology is more straightforward to dis- 
tinguish from a native checkerboard in recipro- 


235-b 15 JANUARY 2016 + VOL 351 ISSUE 6270 


cal space than it is in real space. Our analysis 
here highlights the compatibility of an over- 
lapping stripe-domains’ configuration with the 
momentum-space structure determined exper- 
imentally in our study. Finally, this also reaffirms 
our conclusion in favor of a microscopic sym- 
metry breaking via charge stripe order, con- 
sistent with the strong anisotropy observed for 
the temperature evolution of the correlation 
length. 
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VIRAL IMMUNITY 


Transkingdom control of viral 
infection and immunity in the 
mammalian intestine 


Julie K. Pfeiffer* and Herbert W. Virgin* 


BACKGROUND: Viruses that infect the mam- 
malian gastrointestinal tract have intimate re- 
lationships with the host, as well as members 
of the complex community of microbes that 
inhabit the intestine. The mammalian intestine 
contains the highest density of microbes in the 
body. These microbes, collectively referred to as 
the intestinal microbiota, include bacteria, ar- 
chaea, fungi, viruses, and eukaryotes. Emerging 
data indicate that enteric viruses regulate, and 
are regulated by, these other microbes through 


a series of processes termed “transkingdom 
interactions.” Recent advances have shed light 
on the nature and importance of these trans- 
kingdom interactions for enteric virus repli- 
cation, transmission, and disease. 


ADVANCES: The study of enteric virus patho- 
genesis has traditionally focused on viral vir- 
ulence genes of classical pathogens and host 
immunity to these agents. Recent analysis of 
the viruses present in the intestine has revealed 


Intestinal microbiota promote enteric virus replication. Enteric viruses can interact with bacteria 
before initiating replication in the mammalian intestine. This illustration shows norovirus interacting with 
bacteria. Through these interactions, and/or through microbiota-mediated alteration of host immune 
responses, intestinal microbiota facilitate enteric virus replication in the gut. [Credit: K. Sutliff/Science] 
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a dynamic and diverse taxonomic intestinal 
viral world (the enteric virome) featuring, in 
addition to recognized enteric viral pathogens, 
many new viruses and new relationships be- 
tween known viral types and disease. We now 
know that enteric viral infection must be con- 
sidered in light of the fact that viruses are part 
of a complex milieu of microbes and microbial 

products that directly and 
indirectly regulate viral 
Read the full article pathogenesis. Thus, inter- 
at http://dx.doi. actions of enteric viruses 


org/10.1126/ with other microbes are in- 
science.aad5872 creasingly recognized as 
siemens en diesaite laces critical to vial indeotieity, 


disease, and control. Studies leveraging the 
simple paradigm of examining enteric viruses 
in the intestine after natural oral infection have 
driven the field forward. It is now clear that 
members of the intestinal microbiome promote 
replication and transmission of enteric viruses 
from four different families: noroviruses, picor- 
naviruses, retroviruses, and reoviruses. There- 
fore, the standard reductionist approach of 
understanding the pathogenesis of, and immu- 
nity to, viral infection in the context of a single 
virus interacting with a single host is too limited 
to capture the full range of relevant pathogenic 
mechanisms. This simple concept has broad 
implications for prevention and therapy of viral 
infections of great medical importance. 


OUTLOOK: Despite recent rapid advances, 
there are still major gaps in our understand- 
ing of transkingdom control of enteric virus 
replication, pathogenesis, and transmission. 
Recognition of the important impact of the 
bacterial microbiota has advanced more rapid- 
ly than for any other component of the intestin- 
al microbiota. A particular challenge for studies 
to comprehensively identify viruses within the 
enteric virome is their diversity and extreme 
sequence variability. A key direction for the field 
is to identify functional relationships govern- 
ing transkingdom interactions in the intestine, 
including the dynamic coevolved relationship 
between the intestinal microbiota and innate 
and adaptive immunity. The field is now poised 
to define, in structural and biochemical terms, 
specific molecular mechanisms responsible for 
such transkingdom interactions. Future studies 
on the mammalian virome and transkingdom 
factors that influence viral infection may inspire 
new therapeutic approaches. In this Review, we 
explore the interplay between viruses, the micro- 
biota, and host immune responses. We highlight 
how transkingdom interactions influence in- 
fection with mammalian enteric viruses, in- 
cluding pathogens. m 
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Viruses that infect the intestine include major human pathogens (retroviruses, noroviruses, 
rotaviruses, astroviruses, picornaviruses, adenoviruses, herpesviruses) that constitute a 
serious public health problem worldwide. These viral pathogens are members of a large, 
complex viral community inhabiting the intestine termed “the enteric virome.” Enteric viruses 
have intimate functional and genetic relationships with both the host and other microbial 
constituents that inhabit the intestine, such as the bacterial microbiota, their associated 
phages, helminthes, and fungi, which together constitute the microbiome. Emerging data 
indicate that enteric viruses regulate, and are in turn regulated by, these other microbes 
through a series of processes termed “transkingdom interactions.” This represents a changing 
paradigm in intestinal immunity to viral infection. Here we review recent advances in the field 
and propose new ways in which to conceptualize this important area. 


nteric viruses include important human 
pathogens that spread in food, water, and 
through contact. These viruses encounter 
an incredible environment on entry into 
the gastrointestinal tract and have evolved 
their outer layers, either proteinaceous capsids 
or lipid envelopes, to manage and leverage this 
complex milieu. Peristalsis moves enteric viruses 
through an assortment of pH gradients, digestive 
enzymes, and microbes before they penetrate the 
mucus layer or cross intestinal M cells to infect 
the host. Both direct and indirect interactions of 
enteric viruses with other microbes and the host 
immune system are increasingly recognized as a 
critical aspect of their infectivity, disease induction, 
and control (Fig. 1). Perhaps this is not surprising, 
since these viruses must complete their life cycle in 
the intestine, which is one of the most complex 
microbial environments on Earth (J-4). 

Over the past decade, many studies have ex- 
amined the composition and, to a lesser extent, 
the function of microbes that inhabit the in- 
testine and other body sites (5-7). In addition to 
bacteria, the intestine contains multiple other 
types of organisms that can have profound effects 
on mucosal and systemic immune responses, in- 
cluding viruses (8-74), fungi (15, 16), and eukar- 
yotes such as the protozoa Blastocystis (17) or 
helminths (78, 19). Together, these organisms have 
been referred to as the microbiome or the mi- 
crobiota. Given the emerging understanding of 
transkingdom interactions as determinants of 
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host immunity and virus infection, it is possible 
that a large proportion of the unexplained var- 
iation in mammalian responses to infection may 
be due to interhost variation in the microbiota 
C, 3, 4, 9, 10, 20-27). 


The enteric virome 


Analysis of the intestinal virome has revealed a 
dynamic environment featuring both bacterio- 
phages and multiple eukaryotic viruses. Viruses 
that infect systemic tissues or other mucosal sur- 
faces such as the lung also influence the intestine 
in important ways, including via control of tissue 
homeostasis, healing, and the outcome of infec- 
tion with bacterial pathogens (23, 28). Viruses 
can even benefit the host by promoting immune 
development and influencing tissue architecture 
(0, 20, 22, 23). It is now possible to understand, 
albeit incompletely, the taxonomic structure of 
the viruses present in the intestine. The task of 
identifying the individual viruses present is in its 
infancy because many sequences obtained in 
random or “shotgun” libraries of DNA and RNA 
from intestinal contents or mucosae cannot be 
effectively annotated, owing to weaknesses in 
databases and the lack of easy-to-use software. A 
particular problem has been a focus on sequenc- 
ing only entities with DNA genomes when so 
many enteric viruses have RNA genomes. 

It is nevertheless clear that the viral contents of 
the intestine are remarkably complex (2, 4, 13, 29-31). 
It has been estimated that the intestine contains 
about 100 trillion prokaryotic cells (32), many of 
which carry temperate bacteriophages in their 
genomes. Bacteriophages that infect these pro- 
karyotic organisms may be ~10-fold more abun- 
dant than their host cells (7, 4, 33). In addition, 
there is a eukaryotic virome in the asymptomatic 
host, with humans averaging at least 10 perma- 
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nent systemic eukaryotic viral infections (3, 4, 20). 
A variety of enteric viruses infect humans, includ- 
ing members of the Retroviridae, Adenoviridae, 
Astroviridae, Caliciviridae, Reoviridae, and Picor- 
naviridae, Picobirnaviridae, Annelloviridae, and 
Circoviridae families. Some of these infections are 
very common (e.g., norovirus and reovirus), where- 
as others are rare (e.g., poliovirus, a picornavirus). 
Infections range from asymptomatic to severe 
acute disease to severe chronic disease. Asym- 
ptomatic people can shed noroviruses for pro- 
longed periods (34), and some strains of murine 
norovirus (MNoV) establish lifelong intestinal 
infection of mice (34-36). Several studies have 
identified enteric viruses in feces from asymp- 
tomatic people or other mammals (3, 37-42); the 
intestine of healthy children can contain various 
eukaryotic viruses, including picobirnaviruses, 
adenoviruses, anelloviruses, astroviruses, calici- 
viruses, bocaviruses, enteroviruses, circoviruses, 
rotaviruses, and sapoviruses (13, 43-47). Together, 
these data indicate that the enteric virome has 
been vastly underestimated. Thus, the number of 
prokaryotic and eukaryotic viruses that might con- 
tribute to, or be regulated by, transkingdom inter- 
actions relevant to the intestine is daunting. 


Replication and transmission of 
mammalian enteric viruses 


For successful propagation and transmission, en- 
teric viruses must navigate several unique niches 
within the gastrointestinal tract. Fewer than 100 
viral particles are frequently sufficient for infec- 
tion with human enteric viruses such as norovirus, 
rotavirus, and poliovirus (48-50). Enteric viruses 
encounter low pH, proteolytic enzymes, micro- 
biota, and intestinal mucus before replication in 
the intestine. Therefore, initiation of viral repli- 
cation from the intestinal lumen is likely to be far 
more difficult than subsequent cycles of viral 
replication initiated by spread from previously 
infected intestinal cells or between cells in tissue 
culture. Different enteric viruses replicate in dif- 
ferent cell types, ranging from enterocytes to 
lymphocytes to myeloid cells. After viral replica- 
tion, progeny viruses are shed into the lumen, 
leading to transmission to new hosts. 


Promotion of enteric viral infection 
by bacteria 


To examine how intestinal microbes influence 
viral infection and transmission, many investi- 
gators use mouse models of infection, including 
antibiotic-treated animals or germ-free mice; 
each approach has pros and cons (5/, 52). Anti- 
biotic treatment is relatively simple and inex- 
pensive, but depletion of bacteria is incomplete 
and selective, depending on the antibiotic(s) used. 
Germ-free mice, while providing a “clean slate” 
devoid of all microbes, require specialized facili- 
ties and have immature intestinal architecture 
and immune responses compared with conven- 
tional mice; the organ targeted by enteric viruses 
is therefore abnormal. Mice are relatively resistant 
to a variety of human enteric pathogens, includ- 
ing many viruses and bacteria (53), rarely develop 
diarrhea, and cannot vomit. As a result, the general 
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microbiome that, in aggregate, affect enteric infection with the four viral taxa shown. In some cases, transkingdom interactions affect enteric viruses 
directly through physical interactions between viruses and organisms or components of organisms within the intestinal microbiome. In other cases, the 
microbiome regulated viral infection indirectly by altering immunity. Systemic viral infection can also alter intestinal virus infection. Host genes also affect 
these transkingdom interactions, and the ultimate outcome of virus-triggered disease, as shown on the right. 


approach has been to examine human pathogens 
in immune-deficient and/or young mice and to 
examine mouse pathogens that are closely related 
to human pathogens in their natural host. 

A combination of experiments using germ-free 
and antibiotic-treated mice infected with human 
and murine viruses has provided compelling 
evidence that the bacterial microbiota, through 
transkingdom interactions, influences viral infec- 
tion (Fig. 2). Intestinal bacteria promote replica- 
tion and transmission of enteric viruses from four 
different families in orally infected mice. Mouse 
mammary tumor virus (MMTV), a member of the 
Retroviridae, is spread from mother to offspring 
through milk. Experiments in germ-free mice 
demonstrate that intestinal bacteria are required 
for efficient MMTV transmission (54). Poliovirus, 
a member of the Picornaviridae, is spread by the 
fecal-oral route and can disseminate to the cen- 
tral nervous system. Intestinal bacteria enhance 
poliovirus replication, systemic pathogenesis, and 
fecal-oral transmission in mice (55, 56). Intestinal 
microbes enhance replication and pathogenesis of 
reovirus and rotavirus, both members of the 
Reoviridae, in mice (55, 57). MNoV, a member of 
the norovirus genus within the Caliciviridae, is 
commonly present in mouse facilities and is 
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spread by the fecal-oral route. Several groups 
have shown that intestinal bacteria promote 
MNoV replication and persistence (10, 58, 59). 
Notably, the beneficial effects of the bacterial 
microbiota on enteric viruses are not observed 
when viruses are delivered by intraperitoneal 
injection that bypasses the natural oral infec- 
tion route (55, 59, 60). This may explain why 
effects of the microbiota on enteric viruses were 
unrecognized until recently; many previous stud- 
ies delivered virus by injection rather than the 
natural oral route. 

Several enteric viruses that benefit from the 
bacterial microbiota bind bacterial surface poly- 
saccharides, resulting in enhanced viral infectiv- 
ity and pathogenesis. MMTV, a virus with a lipid 
bilayer envelope, binds lipopolysaccharide (LPS), 
a glycan on the surface of Gram-negative bacteria 
(54, 61). As a consequence, viral infection initi- 
ates innate immune responses that culminate in 
host tolerance, viral replication, and transmission 
(Fig. 2). Poliovirus, a nonenveloped virus, binds 
LPS as well as peptidoglycan, a major component 
of the bacterial cell wall, enhancing viral attach- 
ment to host cells and promoting transmission by 
stabilizing viral particles and limiting thermal in- 
activation (55, 56) (Fig. 2). Human norovirus, a 


nonenveloped virus, binds carbohydrate histo- 
blood group antigens (HBGAs) present on host 
cells and certain bacterial cells (58, 62), facilitat- 
ing human norovirus infection of B cells, likely 
through enhanced viral attachment to host cells 
(58) (Fig. 2). Collectively, these studies indicate 
that diverse viruses have evolved to bind to and 
benefit from bacterial surface glycans. 


Regulation of intestinal immunity to 
viruses by the microbiota 


The intestinal immune system has been extensively 
reviewed (63, 64). Here we focus on recent data 
relevant to the role of immunity in transkingdom 
interactions that regulate virus infection. 

The bacterial microbiota influences immunity 
to a variety of viruses. Recently, it has been shown 
that preexisting antibodies to enteric bacteria can 
skew vaccine responses to cross-reacting HIV-1 anti- 
gens, arguably rendering a vaccine less protective 
(65). Enteric bacterial components regulate vac- 
cine responses to influenza in mice through ac- 
tivation of the innate immune receptor, Toll-like 
receptor 5 (TLR5) (66). Antibiotic treatment of 
mice has profound effects on antiviral immunity 
at another mucosal surface, the lung, since an- 
tibiotic treatment prevents normal innate and 
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Fig. 2. Transkingdom interactions and mechanisms by which bacteria 
enhance enteric virus replication and transmission. (A) The intestinal en- 
vironment includes bacteria (green) and other components of the microbiome, 
the mucus layer (yellow), host enterocytes (brown), and underlying immune 
cells (blue and red). Enteric viruses (black) are exposed to bacteria before 
initiating replication in host cells (enterocytes or immune cells, depending on 
the virus type). Bacteria promote enteric virus replication and transmission by 


E  Microbiota regulate host IFN- 4: MNoV 


several mechanisms. (B) Poliovirus (PV) binds bacteria, which stabilizes virions 
and limits premature RNA release to promote transmission. (©) PV and human 
norovirus (HUNoV) bind bacteria, which increases viral attachment to host 
cells. (D) Mouse mammary tumor virus (MMTV) binds LPS, which induces host 
TLR signaling and |L-10-—mediated immune tolerance. (E) Murine norovirus 
(MNoV) replication is enhanced by bacteria, likely through regulation of IFN-A 
responses. 


adaptive immune responses to influenza, result- 
ing in death of the host (67-69). These results 
underscore the importance of the bacterial mi- 
crobiota for antiviral immune responses. 
Members of the enteric microbiota in addition 
to bacteria, such as helminthic worms, also have 
profound effects on intestinal antiviral immu- 
nity. Helminth infection of mice inhibits intesti- 
nal antiviral immune CD8 T cell responses to 
MNOoV (70), an effect that is independent of other 
members of the microbiota as it is observed in 
germ-free mice. Intestinal helminth infection 
also affects the control of systemic herpesvirus 
infection in mice (77). Here, helminths induce 
secretion of cytokines such as interleukin-4 (IL-4) 
or IL-13, which triggers transcription from specific 
viral promoters and subsequent reactivation from 
latency. This effect is evolutionarily conserved 
between murine and human y-herpesviruses. 
Interestingly, in both of these studies, the effect 
of helminth infection was associated with worm- 
induced changes in macrophage differentiation. 
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The role of macrophages in the control of in- 
testinal biology is also suggested by the fact that 
systemic virus infection results in the production 
of type 1 interferons (IFNs), which through their 
effects on macrophages, substantially increase 
proliferation of intestinal epithelial cells, result- 
ing in improved wound healing (28). 

Bacterial molecules also have striking effects 
on immune signaling pathways relevant to en- 
teric virus infection. Virus-associated LPS induces 
TLR4 signaling, culminating in IL-10-mediated 
immune tolerance and increased transmission of 
MMTV (54). Antibiotic treatment of mice pre- 
vents persistent enteric MNoV infection, an effect 
that is reversed by fecal transplantation (59). This 
action of antibiotics required the presence of the 
IFN-A receptor, indicating that this signaling 
pathway is involved in transkingdom regulation 
of persistent enteric virus infection (Fig. 2). To- 
gether, these data indicate that, in addition to 
direct binding of bacterial components to viruses, 
the indirect effects of the enteric microbiota on 


15 JANUARY 2016 * VOL 351 ISSUE 6270 


immunity can have profound effects on viral 
infection. 

One of the most interesting findings to come 
from studies of transkingdom interactions and 
viral infection is the discovery of sterilizing in- 
nate immunity in the intestine (72, 73). Treatment 
of mice with IFN-A effectively cured persistent 
MNoV infection in mice lacking T cells and B cells 
and therefore unable to mount an antigen-specific 
adaptive immune response. It is intriguing that 
enteric bacteria also control persistent enteric 
norovirus infection in a manner requiring the 
IFN-A receptor, although the mechanisms con- 
necting these two observations remain to be 
elucidated (59). In the case of rotavirus infection, 
treatment of mice with bacterial flagellin cured 
virus infection via a mechanism involving TLR 
signaling and induction of the cytokines IL-22 
and IL-18. Again, viral clearance did not require 
adaptive immunity. It has recently been reported 
that IL-22 and IFN-A can synergize to clear en- 
teric rotavirus infection, suggesting a common 
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pathway for sterilizing innate immunity in the 
intestine (74). Strategies to enhance these innate 
immune mechanisms, perhaps by manipulating 
the enteric bacterial microbiota, may be useful 
for treating enteric virus infection independent 
of vaccine responses. These studies indicate the 
importance of analyzing transkingdom interactions 
that control enteric viral infection as a window into 
fundamental mechanisms of immunity. 


Complex genetic interactions 
dictate outcomes 


Given that transkingdom interactions govern 
enteric virus infection, it is not surprising that 
viral disease is dependent on interaction of mi- 
crobes and viruses with host genes (Fig. 1). In 
one example, the combination of MNoV and a 
murine mutation in a human Crohn’s disease 
susceptibility gene, ATGI6LI, results in patho- 
logical abnormalities in intestinal Paneth cells 
when neither the host gene mutation nor the 
virus infection alone can induce these abnormal- 
ities (9, 75). A similar process has been shown in 
studies of MNoV in combination with mutation 
of the immunoregulatory cytokine IL-10 (24). No- 
tably, virus-triggered colonic pathology in each 
of these studies is dependent on intestinal bac- 
teria. In the case of MNoV-ATGI6L1 interactions, 
treatment of mice with antibiotics ameliorated 
pathology, whereas in studies of MNoV-IL-10 
interactions, pathology was ameliorated in germ- 
free mice. Thus, virus-induced pathology in the 
intestine can be driven by a transkingdom in- 
teraction with bacteria. 

Viruses may also control intestinal bacteria 
by transferring genes between bacteria and 
through predator-prey relationships in which 
bacteriophages alter the taxonomic structure 
of the bacterial microbiota (J, 8, 14, 47). These 
types of transkingdom interactions may have 
disease relevance. For example, in human Crohn’s 
disease and ulcerative colitis, enteric bacterio- 
phages become more taxonomically complex even 
as the bacterial microbiota becomes less diverse 
and taxonomically rich (8). This is consistent 
with disease-associated changes in predatory- 
prey relationships between viruses and bacteria. 
Taken together, these studies underscore the im- 
portance of transkingdom interactions, and the 
association of these events with host genetic var- 
iation, in dictating responses to infectious agents 
and inflammatory disease. 


Future challenges 


Although we have expanded our understand- 
ing of the virome and transkingdom control of 
enteric virus infection, several key challenges 
remain. First, a more thorough examination of 
the enteric virome, including both DNA and 
RNA viruses, and how it changes over time is 
essential. We do not fully understand all of the 
players in the complex dance of transkingdom 
interactions. Further, comparatively few studies 
have evaluated the intestinal mycobiome, the 
archaea, or the meiofauna. Characterizing the 
virome and other members of the enteric mi- 
crobiota will allow investigators to more thorough- 
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ly explore the phenomenology of transkingdom 
control of viral infection, setting the stage for 
more mechanistic studies and therapeutic trans- 
lation of novel concepts that arise. 

Another challenge is making sense of multi- 
factorial interactions that frequently have so 
many components related in nonlinear ways 
that they seem to defy analysis. It is likely that 
there will be more examples of mechanisms re- 
vealed only upon combined analysis of host gen- 
etics, components of the microbiota, and viral 
infection (9, 24, 54-56). Furthermore, environmental 
factors such as diet and circadian rhythms are 
likely to influence enteric viral infections (76-78). 
We are only taking the first steps on a long road 
into a new area of research in virology, but it is 
clear that we need to embrace this complexity if 
we are to fully understand viral pathogenesis 
and immunity. 

Finally, we need to address whether new knowl- 
edge about enteric viruses gained by studies of 
transkingdom interactions can be used ther- 
apeutically. Although recent work implies that 
antibiotic treatment can have antiviral effects, 
this is clearly not a viable treatment option for 
enteric virus infections because of logistical 
issues and side effects, including disruption of 
the many positive effects that the bacterial 
microbiota has for the host. However, targeted 
therapies based on mechanistic insights into 
transkingdom interactions are more realistic. 
For example, treatment with IFN-A or bacterial 
flagellin could have substantial effects on en- 
teric virus infection (72, 73). Furthermore, it is 
possible that some enteric viruses may benefit 
the host by providing immunoregulatory cues 
(4, 10, 20). Alterations of the infectivity of vi- 
ruses by binding of bacterial or other microbiota 
components might alter virulence and immuno- 
genicity. Identification of beneficial human enteric 
or systemic viruses may inform fecal transplant 
therapies. 


Conclusion 


The proviral effect of other microbes for enteric 
virus infection was revealed only recently, which 
is surprising considering that the technology re- 
quired for most of the experiments has existed 
for many years. A simple conceptual advance, 
examining enteric viruses in the intestine after 
natural oral infection, was key for driving the 
field forward. Therefore, although reductionist 
experiments are important and aid our under- 
standing of viral replication and pathogenesis, 
removing the complexity of the intestinal envi- 
ronment has apparently masked important biology. 

Enteric viruses do not exist in a vacuum. They 
have evolved in the unique environment of the 
intestine for optimal replication and transmis- 
sion. A complex interplay between viruses, bac- 
teria, the host, and the environment determines 
the efficiency of viral replication, disease, and 
transmission. Recent work has shed light on 
factors that influence enteric virus infection. How- 
ever, there are still major gaps in our understand- 
ing of enteric virus infection. Future studies on 
the mammalian virome and transkingdom factors 


that influence enteric viral infection may inspire 
new therapeutic approaches. 
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Strain-release amination 


Ryan Gianatassio,’* Justin M. Lopchuk,’* Jie Wang,’ Chung-Mao Pan,’ Lara R. Malins,* 
Liher Prieto,’ Thomas A. Brandt,” Michael R. Collins,* Gary M. Gallego,” 
Neal W. Sach,” Jillian E. Spangler,® Huichin Zhu,” Jinjiang Zhu,” Phil S. Baran"+ 


To optimize drug candidates, modern medicinal chemists are increasingly 

turning to an unconventional structural motif: small, strained ring systems. However, 
the difficulty of introducing substituents such as bicyclo[1.1.1]pentanes, azetidines, 
or cyclobutanes often outweighs the challenge of synthesizing the parent scaffold 
itself. Thus, there is an urgent need for general methods to rapidly and directly 
append such groups onto core scaffolds. Here we report a general strategy to 
harness the embedded potential energy of effectively spring-loaded C-C and C-N 
bonds with the most oft-encountered nucleophiles in pharmaceutical chemistry, 
amines. Strain-release amination can diversify a range of substrates with a 
multitude of desirable bioisosteres at both the early and late stages of a synthesis. 
The technique has also been applied to peptide labeling and bioconjugation. 


ystematic structural tuning of drug can- 

didates, or leads, is an essential feature of 

medicinal chemistry research. Exchang- 

ing substituents that exhibit similar yet 

distinct properties in biological environ- 
ments, termed “bioisosteres,” can address a myr- 
iad of structural liabilities, circumventing issues 
such as unwanted metabolic clearance. Such 
structures also serve to combat the continued 
challenge of narrowing intellectual property 
space (1). These motifs can be rather unusual in 
that they are often not found in natural products: 
Fluoroalkyl groups (2, 3) and strained ring sys- 
tems that include small spirocycles and bi- 
cycles are examples (4). Interest in the latter 
area was fueled by an ongoing program at 
Pfizer (5), where difficulties in the synthesis of 
bicyclo[1.1.1]pentan-l-amine (2, Fig. 1A) led 
to the abandonment of a lead oncology clin- 
ical candidate (6). Developments in the syn- 
thesis of this strained motif date back to 1970 
with Wiberg’s classic synthesis of 2 from 
bicyclo[1.1.1]pentane in four steps via the in- 
termediacy of bicyclo[1.1.1]pentan-1-carboxylic 
acid (see fig. S1) (7). Although this pioneering 
work allowed synthetic access to 2 and subse- 
quent studies pointed to the counterintuitive 
stability of A, many improvements were carried 
out over the ensuing 46 years (8-0). All of these 
reports required =3 steps to form amine 2 be- 
cause of the need for multiple functional group 
interconversions, rendering Pfizer’s current in- 
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house approach unsustainable (10). More glob- 
ally, conventional preparations of substituted 
bicyclo[1.1.1]pentan-l-amine 1 have required the 
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solution 


synthesis of the parent amine 2, followed by 
amide formation (17) or substitution chemis- 
try (12), limiting the retrosynthetic analysis 
of lead compounds such as 3 (13). The goal of 
this work was to solve both of these issues by 
(i) the invention of a process-friendly synthe- 
sis of amine 2; and (ii) development of a route 
to 1 that does not even require the intermedi- 
acy of 2, bypassing conventional retrosynthetic 
logic. Our strategy to address these challenges 
was to embrace the innate reactivity of the 
most strained C-C bond present in propellane 
A (~60 kcal/mol are stored in this bond) (14) 
by engaging it directly with an amine. This 
concept was then extended to other systems 
containing “spring-loaded” bonds (15, 16) as a 
general tool to append small, cyclic bioisoteric 
motifs (4 — 5-7, Fig. 1B). We describe the pre- 
paration and use of convenient “strain-release 
reagents” (such as A to C) to expand chemical 
space for drug discovery: Specifically, the intro- 
duction of motifs such as bicyclo[1.1.1.]pentanes, 
azetidines, and cyclobutanes is delineated. The 
exquisite chemoselectivity of this approach has 
also been established, and initial applications 
to the areas of peptide labeling and bioconju- 
gation are reported (see below). This work lays 
a foundation for the synthesis of new chemi- 
cal entities, probe molecules, and clicklike 


ca. 60 3 HN 
kealmol JAK inhibitor 
t (ref. 13) aL 
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& 9g 
P Km 


B ArO.S 
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Fig. 1. Synthetic methods for incorporating small, strained ring systems. (A) Revisiting the 
retrosynthetic disconnection of an important scaffold in medicinal chemistry, bicyclo[1.1.1]pentan- 
l-amine. (B) Strain-release amination: “any-stage” functionalization of lead compounds in drug 
discovery. 
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connections that rely on the native activation of 
strained C-C bonds. 


Application of propellane 
strain-release amination 


As mentioned above, efforts in this area were 
initiated on account of the practical difficul- 
ties encountered at Pfizer in procuring large 
quantities of bicyclo[1.1.1]pentan-l-amine 2 
(Fig. 2A). The tendency of propellane A to 
react with strong nucleophiles such as t-BuLi 
and aryl Grignard reagents inspired our ap- 
proach (17, 18). Extensive exploration (see table 
81) identified Davies-type amine nucleophiles 
(Bn,.N-Li) (19) as a good starting point, furnish- 


ing 9 in ~20% yield. The key breakthrough 
was the finding that the corresponding turbo- 
amide (20) (Bnz.NMgCleLiCl) led to clean for- 
mation of 9 even on a >100 g scale. The use of 
PhLi leads to reproducible, scalable, and clean 
formation of propellane A. The dibenzyl group 
was then easily removed, and the HCl salt of 
2 was precipitated (30 g scale). This protocol 
was successfully scaled up at an outsourcing 
vendor and can now be used in a process set- 
ting to deliver bicyclo[1.1.1]pentan-1-amine- 
containing clinical candidates economically 
on scale. 

With a reliable route to stock solutions of 
propellane A (after codistillation with Et,O, 


solution is stable for weeks to months at -20°C 
or -78°C, respectively), the scope of this direct 
“propellerization” was explored (Fig. 2B). Strain- 
release amination of A using a variety of in 
situ-derived turbo amides delivered a wide 
range of tertiary amines containing the valu- 
able bicyclo[1.1.1]Jpentane bioisosteric motif. 
Figure 2 illustrates 29 different amines vary- 
ing in complexity that can be easily accessed. 
In cases when the reaction did not go to com- 
pletion, the starting amine could be recovered 
(e.g., 16, 24, 38). The method tolerates a 
variety of functional groups, including acetals 
(16), benzyl ethers (17), ketals (23), and Lewis- 
basic groups (21, 22, 27, 28, 30-32, 37, 38). 


Process version 
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Conditions: *Amine substrate (1 equiv.); ‘The HCI salt of the amine starting material was used; +Conditions: Amine 
substrate (2 equiv.); SThe extra equivalent of the amine starting material was recovered in ca. 90% yield (See SM for 


details); rt = room temperature 


Fig. 2. “Propellerization” of amine-containing substrates. |solated yields are reported. (A) An improved synthesis of the known bicyclo[1.1.1]pentan-1- 
amine. (B) A general “propellerization” of amines enabled by strain-release reagents. (C) Substrate scope of amine-containing substrates. 
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Late-stage incorporation of this challenging 
bioisostere onto six different commercial drugs 
(Fig. 2C, 33-38) obviated otherwise laborious 
multistep sequences to access these analogs. 
The use of turbo-amides is key to enabling the 
“any-stage” functionalization of both simple 
and complex amines with A. We anticipate that 
the path to these bioisosteres will find imme- 
diate and widespread use in medicinal chem- 
istry. Indeed, this chemistry has already been 
field-tested at Pfizer (for example, compounds 
14, 15, 17, 19, 21, and 30 were prepared at 
Pfizer for use in ongoing programs). 


Introduction of azetidine via 
strain release 


The documented use of azetidines as a tactic to 
both rigidify amine backbones and serve as 
phenyl bioisosteres inspired the evaluation of a 
similar approach (J, 20). Like the propellane sys- 
tems, access to amino-azetidines is largely limited 
to a building-block approach that relies on the 
multistep synthesis of protected azetidinones 
(21). Strain-release amination of B was there- 
fore evaluated as a means to simplify the pre- 
paration of such compounds. Isolated examples 
of the addition of nucleophiles to B are known 
but require superstoichiometric amounts of Lewis 
acids and only work with dibenzyl amine, ani- 
lines, and thiols (22). As depicted in Fig. 3, the 
addition of in situ-generated turbo-amides to 
a solution of in situ-generated B leads cleanly 


Br PhLi | abs | 
Br NH,‘HBr N 
Bn syeB" WW 2 B 


to azetidinylated products (42-59) that are 
subsequently trapped with a variety of acylat- 
ing agents to simplify isolation and handling 
(free azetidines can be generated if desired). 
Using this protocol, azetidines were directly 
appended to 18 different amines varying in 
complexity, including three pharmaceutical 
agents. 


Introduction of cyclobutane via 
strain release 


Given the variety of medicinal contexts in which 
cyclobutane derivatives have been enlisted (23), 
we next explored a strain-release approach for 
this motif. The goal was to generate a stable re- 
agent that would enable both rapid and mild 
“cyclobutylation” of amines but also permit fur- 
ther functionalization of intermediate adducts. 
Bicyclobutane and its substituted derivatives, 
since their first preparation in 1959 (24), have 
been the subject of many synthetic studies, most 
of which either engaged the strained system 
as a nucleophile or cleaved the center bond via 
a transition metal-mediated process (25, 26). 
Rather than pursuing the parent bicyclobu- 
tane (a gas at room temperature) (27), we ap- 
pended an arylsulfonyl group as a means to 
both activate the strained C-C bond and ren- 
der the reagent bench stable. Encouragingly, 
a few examples have been reported wherein 
benzylamine, when employed as a solvent, could 
be added to phenylsulfonyl-substituted bicyclo- 


-78 °C tort, overnight; then addition 
of electrophile 


butanes at 140°C (28, 29). In seeking a reagent 
that would allow for more mild reaction con- 
ditions and the use of the amine as a limiting 
reagent, we synthesized a variety of substituted 
phenylsulfonylated bicyclobutanes (C2 to C7, 
Fig. 4) and evaluated them in a strain-release 
amination with amine 39. Not surprisingly, 
aryl sulfones containing electron-withdrawing 
substituents were the most reactive, and the 
addition of LiCl further accelerated the amina- 
tion. Removal of the arylsulfonyl group could 
be easily achieved in the same pot under mild 
reductive conditions (Mg, MeOH). This proto- 
col was applied to 16 diverse amines with the 
use of reagent C7, including four commercial 
drugs, to append the cyclobutyl group (Fig. 
4B). The reaction of C7 is chemoselective for 
amines in the presence of free hydroxyl groups; 
71 could be prepared from 4-hydroxypiperidine 
in 43% yield over three steps (see supplemen- 
tary materials for details). The arylsulfonyl 
group could also be used as a handle to gen- 
erate other useful cyclobutane building blocks 
containing deuterium ('77), alkyl (78), fluo- 
rine (79), and olefin (80) substituents. Strain- 
release amination is not limited to the three 
ring systems described here, as illustrated in 
Fig. 4D, wherein cyclopentane (30) could be 
easily appended to 1,2,3,4-tetrahydroisoquinoline 
(81 — 83) and N-benzylpiperazine (84 — 85). 
Given these collective findings, we antici- 
pate that a wide range of strained C-C bonds 
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Fig. 3. “Azetidinylation” of amine-containing substrates. (A) A general “azetidinylation” of amines enabled by strain-release reagents. (B) Scope of 


amine-containing substrates. 
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*LiCl, DMSO, room temperature; ‘General procedure A with C7: one-pot, no purification of intermediates; ‘General 
procedure B with C7: intermediates isolated by column chromatography; ‘General procedure C with C7: one-pot, no 
purification of intermediates, reduction initiated by sonication; | This compound was also prepared from 4- 
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Fig. 4. “Cyclobutylation” of amine-containing substrates. (A) A general “cyclobutylation” of amines with C7 enabled by strain-release reagents. (B) Substrate 


scope of amine-containing substrates. (C) Diversification of intermediate cyclobutylsulfone 76. (D) Instal 


amines by strain-release amination. 


will be amenable to amination and further 
functionalization. 


Applications to peptide labeling 


The “spring-loaded” electrophiles described herein 
exhibit a broad substrate scope for amination 
and inspired exploration of this platform in a 
more biologically relevant context. A model pep- 
tide (86, Fig. 5) was therefore prepared contain- 
ing an assortment of proteinogenic nucleophilic 
functional groups and exposed to strain-release 
reagent C7 in a mixed organic/aqueous solvent 
system. Remarkably, complete selectivity was ob- 
served for labeling of the cysteine thiol [91% 
isolated yield of 88 after 5 hours; see HPLC 
(high-performance liquid chromatography) trace 
in Fig. 5B]. In the presence of cysteine-free pep- 
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tide 87, no background reaction was observed 
(Fig. 5C) after 24 hours. In marked contrast, the 
commonly employed maleimide electrophile led 
to multiple adducts with 87 after only 1 hour of 
exposure. The complete chemoselectivity ob- 
served for cysteine shows promise for the use 
of strain-release functionalization in a variety 
of contexts, such as site-selective bioconjuga- 
tion (31-34) and peptide stapling (35-38). The 
efficient tagging of other thiols, including glu- 
tathione and cysteine methy] ester, attests to the 
generality of the approach (see supplementary 
materials for details). Further, by modifying the 
electronic character of the aryl sulfone group, 
we could adjust the temporal parameters of the 
functionalization (Fig. 5D). This tunable click 
reaction may facilitate the strategic design of 


ation of cyclopentane onto primary and secondary 


electrophilic covalent warheads for enzyme in- 
hibition and activity-based protein profiling. 


Outlook 


The operational simplicity, mild reaction conditions, 
inexpensive preparation, and chemoselectivity 
exhibited by strain-release reagents A to C will 
facilitate their rapid adoption. More globally, an 
enormous variety of reagents based on this con- 
cept can be envisaged. For the task of procuring a 
specific target, this approach to bond formation 
will enable practitioners to refocus on the chal- 
lenge of synthesizing a molecular scaffold rather 
than on the difficulty posed by small ring systems. 
We anticipate that this approach will also enable 
formation of distinct connections in the materials, 
polymer, and bioconjugation arenas. 
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Fig. 5. Use of reagent C as a che- 
moselective cysteine tag for pep- 
tide and protein labeling. 

(A) Reaction of C7 with functionalized 
peptides 86 and 87. (B) HPLC 
chromatogram depicting rapid and 
clean conversion of 86 to cysteine- 
labeled product 88 after 1 hour. 

(C) Superior chemoselectivity of 
reagent C7 relative to maleimide 89 in 
the presence of cysteine-free peptide 
87. (D) Reaction kinetics demonstrat- 
ing the tunable functionalization of 86 
with substituted arylsulfony! bicyclo- 
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Gain modulation by graphene 
plasmons in aperiodic lattice lasers 


S. Chakraborty,’ O. P. Marshall,” T. G. Folland,’ Y.-J. Kim,” 


A. N. Grigorenko,” K. S. Novoselov”* 


Two-dimensional graphene plasmon-based technologies will enable the development of fast, 
compact, and inexpensive active photonic elements because, unlike plasmons in other 
materials, graphene plasmons can be tuned via the doping level. Such tuning is harnessed 
within terahertz quantum cascade lasers to reversibly alter their emission. This is achieved in 
two key steps: first, by exciting graphene plasmons within an aperiodic lattice laser and, 
second, by engineering photon lifetimes, linking graphene’s Fermi energy with the round-trip 
gain. Modal gain and hence laser spectra are highly sensitive to the doping of an integrated, 
electrically controllable, graphene layer. Demonstration of the integrated graphene plasmon 
laser principle lays the foundation for a new generation of active, programmable plasmonic 
metamaterials with major implications across photonics, material sciences, and nanotechnology. 


mong the many intriguing properties of 

graphene, its plasmonic characteristics are 

some of the most fascinating and potentially 

useful (7, 2). Long-lived, tunable intrinsic 

graphene surface plasmons (SPs) have 
already been demonstrated in a number of ex- 
periments (3-9), including optical modulators 
(10, 11), providing the potential for applications 
(12, 13). In contrast to the noble metals that are 
usually used in SP devices (13, 14), graphene’s 
Fermi energy, Eg, and carrier concentration, n, 
(and therefore its conductivity and SP mode 
properties), can be altered, for example, by elec- 
trical gating and surface doping (3, 15, 16). Con- 
sequently, the behavior of graphene SP-based 
structures can be modified in situ, without the 
need for structural device changes. In particular, 
graphene’s optical and plasmonic properties are 
tunable in the terahertz (THz) spectral region 
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(3, 17), giving rise to the possibility of compact 
electrically controllable THz optical components 
(18). We incorporated graphene into a plasmonic 
THz laser microcavity to dynamically modulate 
round-trip modal gain values and therefore laser 
emission via Ez. In this way, gated graphene be- 
comes a powerful tool with which to control the 
fundamental properties of a laser—a tool that is 
potentially extremely fast and all electrical in na- 
ture, with negligible electrical power requirements. 

The interaction between light and matter can 
be altered by manipulating the electromagnetic 
density of states (DOS) using a microresonator 
(19, 20). By incorporating a photonic lattice or 
plasmonic structure into a laser, one can control 
the frequency and amplification of resonant modes 
and hence manipulate the properties of lasing 
emission (27-23). Furthermore, by breaking the 
regularity of these structures it is possible to mod- 
ulate the photon DOS and hence light-matter 
interaction at several frequencies simulta- 
neously. This technique was used recently to de- 
velop an aperiodic distributed feedback (ADFB) 
cavity laser with a lattice that is in essence a 
computer-generated hologram (24, 25). The ho- 


logram digitally encodes the Fourier transform 
of a desired optical filter function (multiple 
reflection resonances within the gain bandwidth 
of the laser), enabling photonic DOS manipula- 
tion at precise filter frequencies. In real space, a 
typical hologram lattice contains a multitude of 
phase shifts; the locations and sizes of scattering 
sites and defects are set such that via coherent 
backscattering the device enters a slow light re- 
gime. Transfer matrix method (TMM) calculations 
of the group delay transfer function (which is in- 
trinsically linked to the photonic DOS) of an 
ADFB microcavity under the influence of gain 
reveal infinite-gain singularities [fig. S4; see (26) 
for further details]. These singularities represent 
the frequency and gain values at which self- 
oscillation occurs. The ADFB microcavity can pro- 
duce coherent amplification of the cavity photons 
via stimulated emission processes because of the 
build-up of phase coherence at the singularities (20). 

ADFB structures were realized in THz quan- 
tum cascade lasers (QCLs)—extremely long wave- 
length semiconductor lasers with active regions 
based on precisely engineered inter-subband tran- 
sitions (27). Such ADFB THz QCLs provide an 
ideal proving ground for graphene-controlled 
gain modulation because they use SP-based wave- 
guides (at a metal-semiconductor interface, Fig. 1A) 
(28). The first crucial step is to excite two-dimensional 
(2D) plasmons in an integrated, atomically thin 
graphene sheet to take full leverage of the computer- 
generated hologram principle. Hologram pixels 
are introduced to the QCL waveguide as plas- 
monic scattering sites along the longitudinal axis 
of the laser ridge (Fig. 1B). By depositing an elec- 
trically gateable graphene film onto these devices, 
our goal is to switch the THz SP at each pixel “on” 
or “off’ by tuning 7,, thereby altering the photonic 
DOS and the degree to which the THz inter- 
subband gain spectra follows the hologram re- 
sponse. For example, by modulating the hologram 
pixel scattering strength we approach the DOS 
singularities, resulting in a dramatic increase of 
light-matter interaction within the QCL gain me- 
dia (20). Photon lifetimes (and hence modal gain 
values) are thereby enhanced, leading to selective 
enhancement of competing laser modes and a 
concomitant suppression of others. 

A hologram with relatively weak feedback was 
chosen so that any subtle influence of graphene 
plasmons on laser emission was not hidden by 
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strongly amplified photonic filtering. The holo- 
gram was designed to define multi-color THz 
QCL emission (25, 29) and was introduced to the 
metalized laser ridge surface as a series of sub- 
wavelength slits (Fig. IE) (27). At each slit, the 
localized removal of metal strongly influences 
the fundamental transverse magnetic THz eigen- 
mode of the waveguide (25). Finite element mod- 
eling (FEM) of the electric field across a single slit 
reveals strong radiative scattering of the prop- 
agating THz mode (Fig. 1B). The single-pass re- 
flection gain (G) (essentially the modal gain), 
calculated in the frequency (f) and material gain 
(gL, where L is the hologram length) plane by using 
the TMM, reveals the possibility of selective mode 
enhancement from the microcavity resonances 
at reasonably achievable values of the normalized 
coupling factor «Z (Fig. 1, C and D). This coupling 
is in turn dictated by the scattering strength of the 
hologram pixels. For further details of the FEM 
and TMM, see (26). Last, the key element of our 


design—switchable graphene plasmons—are ex- 
cited in a graphene layer placed on the top of the 
hologram. 

Four devices were fabricated and character- 
ized, each demonstrating similar behavior, with 
minor differences attributable to their individual 
active region and hologram properties. Here we 
concentrate on a single representative device. 
Details of fabrication and testing, along with ex- 
perimental results for a second device (fig. S1), 
are presented in (26). The unpatterned Fabry-Perot 
(FP) cavity lased on numerous longitudinal cav- 
ity modes (Fig. 1A), many of which were suppressed 
by implementation of the ADFB microstructure 
(Fig. 1E). Introduction of graphene partially “re 
paired” the waveguide, reducing individual pixel 
scattering strengths and leading to the return of 
many FP modes (Fig. 1F). Laser spectra were 
evaluated in terms of N, the observed number of 
lasing modes (Fig. 2A), revealing the FP-like be- 
havior of the graphene-ADFB QCL over a wide 
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Fig. 1. Hologram-defined laser emission. (A) Schematic and typical measured emission spectra of the 
unperturbed Fabry-Perot QCL. (B) Simulated electric field intensity profile within a single hologram pixel (slit), 
f = 2.8 THz. (C) Calculated reflection gain, G(f), for a range of dimensionless material gain (gL, where L is the 
hologram length) values. The hologram coupling « = An/NegA, where Neg is the effective refractive index, An the 
refractive index contrast, and A the minimum pixel spacing. (D) G(f) for low and high E-¢ (and «L). Schematics 
and emission spectra are also shown for (E) the hologram-patterned and (F) the graphene-covered QCL. 
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Fig. 2. Influence of graphene deposition. (A) Number of measured lasing modes N as a function of 
laser driving current (/). (B) Laser output power and electrical characteristics. 
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range of laser operating currents (J). For reference, 
the electrical and output power characteristics of 
the QCL at each stage of waveguide modification 
are also presented (Fig. 2B). At each stage the 
device displays typical THz QCL band structure 
alignment and misalignment features, with no ap- 
preciable changes in the absolute lasing threshold 
(I) because g is clamped by laser facet feedback. 
In order to demonstrate electrical modification 
of fundamental laser gain dynamics by varying Ep 
in the graphene, a polymer electrolyte was de- 
posited over the device (Fig. 3A). FEM simu- 
lations of THz scattering at a single slit provide a 
basic understanding of the mechanisms involved 
(Fig. 3B). The presence of low-n, (low-E) graph- 
ene leads to strongly suppressed intraslit fields. 
Experimentally, application of gate voltage (Veate) 
leads to high 7, (6). In this case, the simulated 
intraslit field intensities are larger. Our under- 
standing of these results is helped by an ana- 
lytical, estimate of the plasmon wavelength 
Ap = ae Ao, Where o is the fine structure con- 
stant, Oo ‘and Ao are the lasing mode frequency 
and wavelength, respectively, and e the average 
permittivity surrounding the graphene (we use 
e = 7, the average of vacuum and GaAs) (6, 8). For 
Ep = 50 meV (typical for intrinsically doped 
graphene), we estimate A) ~ 1 um, comparable 
with the slit width. Consequently the electron 
plasma in graphene introduces a second dipole 
field (ocalized SP) within the slit, oriented oppo- 
site to the existing field, greatly reducing THz 
scattering (fig. S2) (26). On the other hand, for 
Ey = 300 meV (a reasonably achievable level by 
electrochemical doping) the plasmon wavelength 
is six times longer (large relative to the slit width), 
and the electron plasma moves coherently inside 
the slit, leading to efficient THz scattering. TMM 
calculations of reflection gain in the f«Z plane 
enable us to calculate the changes in modal ampli- 
fication induced by raising n,. Graphene-induced 
changes in individual pixel scattering strength 
(ic) can alter modal G values by almost two orders 
of magnitude (Fig. 3, C and D) and the group 
index (ng) by almost one order of magnitude (fig. 
S4) (26). Owing to the reduced group velocity (slow 
light regime), the photon DOS is strongly en- 
hanced around the infinite-gain singularities (20). 
This effect has important experimental conse- 
quences (Fig. 3, E and F). At low Eg, the DOS does 
not offer a dominant channel for inter-subband 
emission, and a large fraction of the emission is 
channeled into the FP-like lasing modes. Laser 
emission just above J, is modified when we ap- 
ply Veate. By increasing Ey by almost an order of 
magnitude, many of the FP-like lasing modes (seen 
at Veate = 0 V) are inhibited, and inter-subband 
emission is predominantly channeled into singu- 
larities. Therefore, the high-F; graphene plasmons 
force laser emission to be governed by the holo- 
gram response, with pure single-mode emission 
within each resonance band. Such a redistribution 
of spectral power is further observed experimen- 
tally in the light-current behavior of the four 
dominant modes near J, (Fig. 4, A and B); with 
Veate = 1 V applied, we observed a strongly fa- 
vored (highest n,) mode. The most dramatic 
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reversible changes in N also occurred close to Jj, 
(Fig. 4C) but remained appreciable over a wide 
current range. In contrast, when electrolyte was 
applied without graphene, N was insensitive to 
Veate (Fig. 4D). In this specific case, the resulting 
macroscale optoelectronic functionality (close to 
I) is graphene-controlled switching between dual- 
and single-mode operation. The switching behav- 
ior is reversible up to a small finite hysteresis, as is 
typically observed when graphene devices are gated 
by solid electrolyte (16). Demonstration of reversible 
graphene control is the key result of this work (not 
single-mode lasing, which is achievable by a num- 
ber of techniques). This use of graphene to define 


Vee 


and control the fundamental gain dynamics of a 
laser is what sets this work apart from previously 
reported optical filtering in passive graphene 
waveguides (0, 17). Time domain modeling (TDM) 
provides further insight into the spatial-temporal 
interplay between light-field and population inver- 
sion in ADFB lasers, revealing the localization 
caused by the underlying aperiodicity within the 
hologram. Furthermore, it reveals substantial 
changes in the inhomogeneity of the population 
inversion profile within the microcavity as « is 
varied (fig. S6) (26). Any change in this profile has 
implications for the gain dynamics of the laser, 
altering the competition between lasing modes. 
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Fig. 3. Sensitivity of laser emission to graphene 


doping. (A) Schematic of the polymer electrolyte- 


covered device. (B) Simulated electric field intensity profiles within a single hologram pixel containing low 


doped (top) and highly doped (bottom) graphene, f = 
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varied. Laser emission spectra measured after electrolyte deposition for (E) ungated (low ng, low Ef) and 
(F) gated (high n,, high E¢) graphene, collected just above laser threshold. 
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Last, a correlation between NV and pixel scattering 
is also seen in the TDM, indicating a direct link 
between the graphene-controlled electromagnetic 
DOS and the modal gain of the laser (fig. S5) (26). 
We stress that the possibility to effectively control 
the operation of a semiconductor microcavity la- 
ser by graphene ultimately stems from unique 
properties of 2D graphene plasmons that allow un- 
precedented wavelength compression (by a factor 
of ~30) at small gating voltage and hence excitation 
of localized SP modes within the hologram pixels. 

The use of electrically controllable graphene 
plasmons to modify active photonic systems 
offers a number of interesting device possi- 
bilities. In principle, each pixel (or small group 
of pixels) in an ADFB hologram could be in- 
dependently gated, allowing individual tailor- 
ing of scattering strengths. Combined with the 
highly flexible multiband digital hologram ap- 
proach, this would allow an operator to electron- 
ically rewrite the spectral response of a laser on 
demand. Furthermore, whereas programmable 
graphene plasmonic structures are particularly 
appealing for incorporation into THz lasers where 
spectral control is traditionally difficult, they can 
also be scaled to shorter-wavelength optoelec- 
tronic systems, greatly expanding their potential 
technological impact. 


REFERENCES AND NOTES 


K. S. Novoselov et al., Science 306, 666-669 (2004). 

A. K. Geim, K. S. Novoselov, Nat. Mater. 6, 183-191 (2007). 

L. Ju et al., Nat. Nanotechnol. 6, 630-634 (2011). 

T. Eberlein et al., Phys. Rev. B 77, 233406 (2008). 

J. T. Kim, S.-Y. Choi, Opt. Express 19, 24557-24562 (2011). 

J. Chen et al., Nature 487, 77-81 (2012). 

Z. Fei et al., Nature 487, 82-85 (2012). 

A.N. Grigorenko, M. Polini, K. S. Novoselov, Nat. Photonics 6, 

749-758 (2012). 

H. Yan et al., Nat. Photonics 7, 394-399 (2013). 

X. Wang, Z. Cheng, K. Xu, H. K. Tsang, J.-B. Xu, Nat. Photonics 

7, 888-891 (2013). 

1. E. 0. Polat, C. Kocabas, Nano Lett. 13, 5851-5857 (2013). 

2. K. S. Novoselov et al., Nature 490, 192-200 (2012). 

. L. Barnes, A. Dereux, T. W. Ebbesen, Nature 424, 824-830 

003). 

. Ozbay, Science 311, 189-193 (2006). 

. J. Docherty et al., Nat. Commun. 3, 1228 (2012). 

. Das et al., Nat. Nanotechnol. 3, 210-215 (2008). 

F. Bonaccorso, Z. Sun, T. Hasan, A. C. Ferrari, Nat. Photonics 4, 

611-622 (2010). 

8. A. Tredicucci, M. S. Vitiello, IEEE J. Sel. Top. Quantum Electron. 
20, 130-138 (2014). 

9. E. Yablonovitch, Phys. Rev. Lett. 58, 2059-2062 (1987). 

20. T. Pickering, J. M. Hamm, A. F. Page, S. Wuestner, O. Hess, 
Nat. Commun. 5, 4972 (2014). 

21. J. P. Dowling, M. Scalora, M. J. Bloemer, C. M. Bowden, J. Appl. 
Phys. 75, 1896 (1994). 

22. M. Engel et al., Nat. Commun. 3, 906 (2012). 

23. J. Li et al., Sci. Rep. 5, 9263 (2015). 

24. S. Chakraborty, M. C. Parker, R. J. Mears, Photonics 
Nanostruct. Fundam. Appl. 3, 139-147 (2005). 

25. S. Chakraborty et al., Appl. Phys. Lett. 101, 121103 (2012). 

26. See supplementary materials available on Science Online. 

27. O. P. Marshall et al., J. Appl. Phys. 113, 203103 (2013). 

28. L. Mahler et al., Appl. Phys. Lett. 84, 5446-5448 (2004). 

29. S. Chakraborty et al., Opt. Express 20, B306-B314 (2012). 


ONAARWONE 


See 


FOMmMpe 


SOAS 


SUPPLEMENTARY MATERIALS 
www.sciencemag.org/content/351/6270/246/suppl/DC1 
Materials and Methods 

Figs. Sl to S6 

References (30, 31) 


7 September 2015; accepted 6 November 2015 
10.1126/science.aad2930 


sciencemag.org SCIENCE 


RESEARCH REPORTS 


How surface composition and 
meteoroid impacts mediate sodium 
and potassium in the lunar exosphere 


A. Colaprete,!* M. Sarantos,”? D. H. Wooden,’ T. J. Stubbs,* A. M. Cook,?* M. Shirley’ 


Despite being trace constituents of the lunar exosphere, sodium and potassium are the 
most readily observed species due to their bright line emission. Measurements of 
these species by the Ultraviolet and Visible Spectrometer (UVS) on the Lunar 
Atmosphere and Dust Environment Explorer (LADEE) have revealed unambiguous 
temporal and spatial variations indicative of a strong role for meteoroid bombardment 
and surface composition in determining the composition and local time dependence 

of the Moon's exosphere. Observations show distinct lunar day (monthly) cycles for both 
species as well as an annual cycle for sodium. The first continuous measurements for 
potassium show a more repeatable variation across lunations and an enhancement over 
KREEP (Potassium Rare Earth Elements and Phosphorus) surface regions, revealing a 
strong dependence on surface composition. 


he Lunar Atmosphere and Dust Environ- 
ment Explorer (LADEE) mission, which op- 
erated in lunar orbit between 6 October 2013 
and 18 April 2014, had the goal to deter- 


tail (7). From these previous Earth-based observa- 
tions and modeling, PSD was generally considered 
to be the dominant source, by a factor of ~10 to 
100, over sputtering or impact vaporization (6, 7). 


mine the composition of the lunar atmo- 
sphere and investigate the processes that control 
its distribution and variability, including sources, 
sinks, and surface interactions (J). The Ultraviolet 
and Visible Spectrometer (UVS) (2) was designed 
to make observations of the lunar exosphere and 
search for dust. The LADEE orbit was retrograde 
and equatorial; thus, observations were restricted 
to between about +20° latitude. However, this orbit 
did provide synoptic observations of lunar exo- 
spheric species with temporal cadence of typically 
less than 12 hours. These observations provide 
new constraints on the processes, sources, and 
sinks that govern concentrations of species in the 
lunar exosphere. UVS observed resonant scattering 
from sodium (Na) and potassium (K). Although 
Na and K are minor constituents in the lunar exo- 
sphere, the brightness of their emission lines makes 
them readily observable, and thus they serve as 
excellent proxies to understanding the processes 
that govern the composition of the lunar exo- 
sphere (3-6). 

Potential sources of Na and K in the exo- 
sphere include photon-stimulated desorption (PSD), 
sputtering, and impact vaporization (Fig. 1). The 
role of PSD and sputtering have been estimated 
by evaluating the change in Na abundances as 
the surface is shielded from solar wind sputtering 
as the Moon passed through Earth’s magneto- 


1Space Science Division, NASA Ames Research Center, 
Moffett Field, Mountain View, CA, USA. Heliophysics Science 
Division, NASA Goddard Space Flight Center, Greenbelt, MD, 
USA. *University of Maryland, Baltimore County, Baltimore, 
MD, USA. “Solar System Exploration Division, NASA Goddard 
Space Flight Center, Greenbelt, MD, USA. °Millennium 
Engineering and Integration Services, Moffett Field, CA 
94035, USA. 

*Corresponding author. E-mail: anthony.colaprete-1@nasa.gov 


SCIENCE sciencemag.org 


However, the question of whether photons simply 
re-excite material that has been previously vapor- 
ized by other processes or whether they act as a 
primary source process of atoms from glasses and 
minerals has not been previously answered. The 


Solar wind protons 


Solar ultraviolet 


only other space-based observations of Na were 
made by the Telescope for Visible Light (TVIS) in- 
strument on board the Kaguya spacecraft (8). 
Kaguya TVIS observations were limited to the 
lunar nightside, looking in the antisolar direction 
toward the extended Na tail; thus, they prefer- 
entially observed the “hottest” portion of the Na 
population and were not continuous across the 
entire lunation (9). These observations showed a 
continuous decrease of the inferred Na surface 
density from first to third quarter, including phases 
when the Moon passes through Earth's magneto- 
sphere, with a variation of about 50% across a 
lunation. 

Observations of K from Earth are more difficult 
than for Na because a strong telluric O. band over- 
whelms the stronger of the two K lines, whereas 
the smaller scale height for K results in relatively 
small concentrations at altitudes where Earth- 
based observations can be made. Besides its initial 
discovery (3), only two other K observations have 
been published (JO, 12), and these were limited 
to observations on single days. There are therefore 
no observations of K over the course of a lunation. 

Earth-based observations have detected increases 
in the overall concentration of Na in the lunar exo- 
sphere associated with some meteoroid streams 
(12-16). However, these observations were inter- 
mittent and limited in time, often focusing on 
only a few measurements about an individual 
stream; thus, Na variability associated with mete- 
oroid streams has been inconclusive (77). Annual 
variability of lunar-sodium tail brightness has been 
found, with a peak in the Na tail brightness in 


ton stimulated 
desorption 


Fig. 1. The primary sources and sinks of the lunar Na and K exosphere. The yellow region represents 
the sodium exosphere having a greater extent on the dayside due to higher sodium temperatures. The 
sources and sinks include photon-stimulated desorption (from solar ultraviolet), sputtering (from solar 
wind protons) and meteoroid impact vaporization (e.g., the Geminid meteoroid stream). These processes 
are affected as the Moon passes through Earth’s magnetosphere (green region) and sheath (red region). 
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February, but no explanation for the annual varia- 
tions has been provided (9, 17). The UVS observa- 
tions allow for continuous monitoring of the 
exosphere, both during and outside intervals of 
increased stream activity, through the course of 
more than five lunations, which allows for a much 
less ambiguous measure of immediate Na activity 
associated with meteoroid streams. In addition 
to these Na observations, these observations are 
the first to assess the response of K to meteoroid 
stream activity. 

The emission line strengths for both Na and 
K were derived from UVS limb observations at 
around local noon. These noon limb-viewing ac- 
tivities typically covered spacecraft solar longitudes 
between -25° and +55° with a telescope viewing 
altitude of around 40 km (2, 18). 

The derived tangent column densities of Na 
and K show variations by a factor of 2 to 3 over 
the course of a lunation (Fig. 2). The minimum-to- 
maximum ratio of Na column density changes con- 
tinuously during the five lunations measured by 
LADEE, but the factor of 2 for Na seen on the 
last month is significantly different from the ~50% 
seen in Kaguya observations (9). A factor of two 
change in the lunar Na content was inferred from 
modeling ground-based observations taken before 
UVS observations (7) and attributed to the solar 
wind increasing the PSD rate via ion-enhanced 
diffusion inside grains (18). However, the model 
in (8) predicted that the exosphere rose contin- 
uously between exit and subsequent reentry to 
the magnetosphere. The Kaguya TVIS data showed 
a continuous decline in Na through the magneto- 
tail, whereas LADEE UVS data show Na peaks 
near full Moon. These differences are perhaps a 
difference in vantage points as suggested to re- 
concile the Kaguya results with the analysis of 
ground-based observations (9). 

As the Moon passes into Earth’s magneto- 
tail, the total Na is seen by UVS first to decrease 
and then increase through full Moon to a max- 
imum about 30° of lunar phase, after which it 
begins to decrease again. Although detailed model- 
ing is required to understand the cause of these 
trends, some of this variation could be the result 
of adsorbed species being released by solar wind 
sputtering as particles spend more time on the 
surface than on ballistic trajectories. The absence 
of sputtering in the magnetotail should allow for 
the Na surface reservoir to increase, perhaps ex- 
plaining the increase in exospheric concentration 
several days after the full Moon; then, as the Moon 
comes out of the magnetotail, sputtering begins 
to release adsorbed particles again and exospheric 
Na decreases as it is lost to space. This paradigm 
suggests then that most of the Na particles do 
not get lost to the surface on their first bounce, 
unlike hypothesized in recent models based on 
ground-based observations (7, 15). It was sug- 
gested that some of the daily variation observed 
by Kaguya could be explained if there were surficial 
enhancements of Na in selenographic longitudes 
around 90°+ 90° resulting in differences in PSD 
rates between near-side and far-side regolith (9). 
Consistent with this idea of a surface dependency, 
the new LADEE UVS data are suggestive of a dif- 
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ferent dependence in PSD between mare versus 
highlands soils (Fig. 3). 

Potassium shows a much more regular trend 
over time, with intensity variations over a luna- 
tion of approximately a factor of 2 (Fig. 2). This 
more systematic monthly trend for K (compared 
to Na) is reminiscent of the extreme variation of 
K surface abundance due to the enrichment found 
in KREEP (Potassium Rare Earth Elements and 
Phosphorus) soils (79), which can be as much as 
a factor of 10. Any variation introduced by the 
solar wind appears to be masked by the strong 
variation of surface K. In addition to the much 
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larger variation in K over the course of a lunation, 
the K dependence on surface composition is more 
clearly shown by the location of the peak tangent 
column densities (Fig. 3). Given the anticipated 
influence of the magnetotail on sputtering (7, 18), 
a minimum in column density for both Na and 
K could be expected to be centered at around a 
longitude of 0°, with maxima to either side. How- 
ever, the K peak occurs to the west, centered on 
the Oceanus Procellarum and the Mare Imbrium 
regions, areas of maximum surface K as measured 
by the Lunar Prospector mission (20). Sodium is 
more symmetric about 0° longitude, with a local 
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Fig. 2. The total line-of-site column densities for sodium and potassium. (A and B) Sodium. (C) Po- 
tassium. The column densities were derived from data taken while the telescope grazing point was 
between a spacecraft solar longitude of 165° to 180° (near local noon). In (A), the last three observed 
lunations are shown with green-shaded regions indicating when the Moon was in Earth's magnetotail. 
(B) and (C) show the Na and K column densities, respectively, for the entire mission period. In (B), a 
fit to the minima in column concentration (solid blue curve) is shown to highlight the long-term Na 
trend. Also shown in (B) and (C) are the approximate beginning and end dates (gray-shaded regions) 
for three meteoroid streams (Leo, Gem, and Qua) and the observed peak (blue dashed lines) and the 
approximate dates of the full Moon (red arrows). Average absolute and relative (point-to-point) 
uncertainties are shown by the red points toward the upper right corner of (B) and (C). 
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minimum at 0° There is some correlation of Na 
with surface albedo (Fig. 3), which suggests a 
possible dependence on composition (e.g., Mare 
or Highlands composition); however, albedo is 
also a function of surface maturity and roughness, 
and these factors are expected to influence how 
adsorbates bind on grains. Additionally, the struc- 
ture around 0° longitude could also be a reaction 
to being inside the magnetotail. 


Some individual meteoroid streams led to a 
significant increase in these exospheric species. 
Three major streams that occurred during the 
LADEE mission are indicated in Fig. 2. In the 
Na data set, although there are peaks in the Na 
column abundance, it is not obvious that these 
are the result of the streams (as opposed to what- 
ever is causing the monthly variation). Indeed the 
noon-time immediate response to streams of an 
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Fig. 3. Column densities for sodium and potassium as a function of selenographic longitude. 
(A) Sodium. (B) Potassium. The approximate entry into (blue squares) and exit out of (red points) 
Earth's magnetotail are shown. Data was acquired at about solar noon. Data acquired during the 
Geminids stream are indicated with an X or a +. Also shown is the scaled surface albedo averaged 
between —15° and —22° latitude [green line in (A)] and in the relative concentration of K at the latitude 
of —20° in the lunar soil as a function of selenographic longitude as derived from Lunar Prospector 
observations [green line in (B)]. 


N 
Oo 
iy 


m= PSD, Sputter B 
—— 2x PSD, Sputter 
— = 2x PSD, 2x Sputter 


or PSD, Sputter A 
= 2x PSD, Sputter 
= = 2x PSD, 2x Sputter 


A 

u 
© 
co 


mg 
a 


uw 
nd 
b 


0.2 


Precent Particles Launched 
So 
Fraction Particle Remaining 


0+ . 0- . et en 
0 10 20 30 0 100 200 300 400 
Number of Bounces Days from Stream Release 


Fig. 4. The lifetimes of sodium released by meteoroid impacts, as estimated with a Monte Carlo 
method. In these simulations, the effect of a meteoroid stream is modeled by a sudden release of Na 
test particles, which are tracked until loss by photoionization, sputtering, or deposition into permanently 
shadowed regions (18). The fraction of atoms lost on the first bounce much exceeds gravitational 
escape, reflecting losses to sputtering after particles recycle for the first time (A). Prolonged residence of 
released Na on surficial grains between bounces would continue to affect the exosphere well after the 
meteoroid stream encounter, with an exponential time decay as long as 90 days (B). 
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exosphere populated by previously adsorbed atoms 
is expected to be rather small, because most streams 
have radiants on the lunar nightside (27, 22), with 
larger variations in response to the streams ex- 
pected at around dawn. However, in the K noon- 
time data there is a clear increase at around the 
time of the Geminid (Gem) meteoroid stream (ap- 
proximately between 4 and 16 December) and 
also smaller signatures at around the time of the 
Leonid (Leo) (6 to 30 November) and Quadrantid 
(Qua) (1 to 10 January) streams. In addition to 
these enhancements at or around individual streams, 
the overall rise in Na from October 2013 to a peak 
in December 2013, and then a gradual decline 
until the end of the mission, can be attributed 
to a cumulative response to meteoroid streams. 
A similar trend was apparent in Kaguya data (9), 
but, as with earlier studies (77), it could not be 
correlated to any particular process. The UVS data 
suggest a strong link between these streams and 
the exosphere, lasting far beyond the initial en- 
counter. The meteoroid impacts expose fresh Na 
and K, but also supply these species directly to 
the exosphere at increased rates. 

The large instantaneous responses of the 
dayside to meteor showers are indirect evidence 
of the role of adsorbed particles. If all particles 
were lost to the surface in one bounce, it would 
take more than an order of magnitude enhance- 
ment of impact vaporization during showers 
over sporadic impacts for this source to reach 
the rate of 2 x 10° Na atoms cm~ s“! required 
to explain the Na atmosphere (7). Hence, vapor 
introduced by meteoroid impacts can reside 
for considerable periods on the surface, adding 
to the overall adsorbed Na and K surface res- 
ervoir. We performed Monte Carlo simulations 
to estimate the total residence time for Na and 
Kin the exosphere and soil. In the simulations, 
a one-second injection of Na or K was assumed 
to occur from the nightside hemisphere, with 
the duration between hops and loss rates for 
sputtering and photoionization taken from 
published values (see the supplementary ma- 
terials). The simulations show that a release of 
ejecta from a single injection will persist in the 
exosphere-surface system for much longer than 
the ionization lifetime would suggest (Fig. 4). 
This is the result of each particle residing in 
the soil for approximately an ionization lifetime 
(i.e., several days) between bounces, combined 
with the many bounces that it has to take before 
being lost from the exosphere. Residence times 
in the lunar environment of 45 to 90 days 
(mainly on the lunar surface) can be expected 
before escape to the solar wind, which would 
explain the long-term smooth increase and de- 
crease in the Na column density observed as 
the result of meteoroid streams (Fig. 2). Shorter 
times are predicted if some fraction (but smaller 
than 50%) of recycled particles are trapped per- 
manently between bounces. 

These observations provide constraints on the 
sources and sinks of Na and K in the lunar exo- 
sphere. The nearly continuous, synoptic nature of 
the observations illustrates the contribution of 
impacts and surface composition. The independent 
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confirmation by Kaguya and LADEE of the lunar 
Na trend between November and April provides 
the strongest evidence yet for an annual varia- 
tion of the Na exosphere. This trend is likely the 
cumulative response of Na to meteoroid streams, 
whose annual activity peaks from November through 
January and then subsides until the summer. The 
substantial residence time for Na at the surface 
suggested by this interpretation inevitably leads 
to the conclusion that Na migrates toward the 
poles like other volatiles (e.g., water) in these cycles 
of adsorption and redesorption. The K measure- 
ments show a strong but, contrary to Na, short- 
lived response to the Geminids meteoroid shower. 
Outside of the meteoroid streams, K shows a 
regular variation across a lunation that correlates 
strongly with the abundance of potassium in the 
lunar bulk soil. Combined, these results and re- 
cent studies of the Mercurian exosphere (23, 24) 
indicate a pronounced role for meteoroid impact 
vaporization and surface exchange in determining 
the composition of surface-bounded exospheres. 
However, the details of how the exosphere depends 
on surface composition and responds to meteo- 
roid streams are not yet understood. 
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ORGANIC CHEMISTRY 


Functionalization of C(sp’)-H bonds 
using a transient directing group 


Fang-Lin Zhang,* Kai Hong,* Tuan-Jie Li,* Hojoon Park, Jin-Quan Yut 


Proximity-driven metalation has been extensively exploited to achieve reactivity and 
selectivity in carbon—hydrogen (C—H) bond activation. Despite the substantial 
improvement in developing more efficient and practical directing groups, their 
stoichiometric installation and removal limit efficiency and, often, applicability as well. 
Here we report the development of an amino acid reagent that reversibly reacts with 
aldehydes and ketones in situ via imine formation to serve as a transient directing 
group for activation of inert C-H bonds. Arylation of a wide range of aldehydes and 
ketones at the £ or y positions proceeds in the presence of a palladium catalyst 

and a catalytic amount of amino acid. The feasibility of achieving enantioselective 
C-H activation reactions using a chiral amino acid as the transient directing group 


is also demonstrated. 


recoordination of a metal with functional 

groups in substrates has been extensively 

exploited to control selectivity and promote 

reactivity in metal-catalyzed or -mediated 

reactions (J-5). The same approach has 
been successfully implemented in directed C-H 
activation reactions (6-17). However, the cova- 
lent installation and removal of directing groups 
is a major drawback for synthetic applications. 
First, an additional two steps must be added to 
the synthetic sequence. Second, the conditions 
for installation or removal of the directing groups 
are sometimes incompatible with other functional 
groups present in advanced synthetic intermedi- 
ates. It is therefore highly desirable to devise a 
functionally tolerant reagent that can be reversi- 
bly linked to the substrate and can serve as a 
directing group. Upon C-H activation and sub- 
sequent functionalization, this reagent would 
dissociate from the product and transiently link 
to another substrate molecule so that only a cata- 
lytic quantity of the directing group would be 
needed (Fig. 1A). This approach has been success- 
fully implemented in Rh(1)-catalyzed C(sp?)-H 
activation reactions in a number of pioneering 
examples. Jun et al. reported the use of 2-amino 
pyridine as a transient directing group for Rh- 
catalyzed activation of aldehydic C-H bonds (12) 
(Fig. 1B). Recently, using a related strategy, Mo 
and Dong reported a Rh-catalyzed o-alkylation of 
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ketones via a vinyl C-H activation step, featuring 
an enamine intermediate with a pyridine moiety 
as the transient directing group (13). Bedford et al. 
developed a Rh-catalyzed ortho-arylation through 
reversible in situ transesterification of catalytic 
amounts of phosphinite ligands with the phenol 
substrate (/4). The strategy of using catalytic 
directing groups has also been employed by 
Lightburn et al. (15) and Griinanger and Breit (76) 
to achieve selectivity in Rh-catalyzed hydroformyla- 
tion reactions. 

In conjunction with our efforts to develop 
Pd-catalyzed C(sp*)-H functionalizations (17, 18), 
we have extensively investigated the feasibility of 
Pd(II)-catalyzed C(sp?)-H activation of aldehydes 
and ketones using a wide range of potential 
transient directing groups, including those pre- 
viously developed for Rh(D catalysts. Unfortu- 
nately, the resultant Pd(I]) complexes bound to 
the bidentate iminopyridine or iminooxazoline 
are unreactive toward cleavage of sp? C-H bonds 
under various conditions. The development of 
monoprotected amino acid ligands (19, 20) and 
the recent use of amino acids as bidentate di- 
recting groups in C-H functionalizations of pep- 
tides (27) led us to speculate that an amino acid 
could serve as a suitable transient directing group. 
We reasoned that the amino acid could be re- 
versibly tethered to an aldehyde or ketone sub- 
strate via an imine linkage under appropriate 
conditions. In a similar manner to that operative 
in our dipeptide chemistry, the imine moiety and 
the carboxylate could form a bidentate directing 
group to enable subsequent C-H functionaliza- 
tion (Fig. 1C). 
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We chose arylation of 2-methylbenzaldehyde 
1a with 4-iodoanisole as the model reaction for 
optimization. Benzaldehyde derivatives are known 
to readily form imine linkages with amino acids 
(22). After extensive experimentation, we found 
that the desired C(sp*)-H selective mono-arylation 
product 2a could be observed in 18% nuclear 
magnetic resonance (NMR) yield when the reac- 
tion was conducted in hexafluoroisopropyl alco- 
hol (HFIP) with 10 mol % Pd(OAc)» (OAc, acetate), 
40 mol % glycine, and 1.5 equivalents of silver 
trifluoroacetate (see table S1, entry 5). The use of 
acetic acid (AcOH) as the solvent improved the 
yield to 52%, albeit with considerable decom- 
position of the starting material (table S1, entry 
6). We speculated that the low mass balance 
stemmed from a rate mismatch between the 
imine formation step and the following C-H 
cleavage step, leading to decomposition of the 
accumulated imine species. Therefore, we rea- 
soned that the addition of water would reduce 
the concentration of the imine intermediate and 
prevent decomposition during the reaction. In- 
deed, when a 9:1 mixture of ACOH and H,O was 
used as the solvent, we were able to achieve 93% 


conversion and 71% NMR yield, along with for- 


mation of the diarylated product in 11% yield 
(table S1, entry 8). By switching the limiting 
reagent to the aryl iodide, we obtained the de- 
sired mono-arylated product exclusively in 81% 
NMR yield (table S1, entry 10). We also evaluated 
a variety of amino acids and found that the side 
chain of the amino acid does not have a marked 
effect on the efficiency of this transformation 
(table S1, entries 10 to 13). As expected, N-protected 
glycine led to a complete loss of reactivity, con- 
sistent with the hypothesis that imine formation 
is crucial for enabling C-H activation (table S1, 
entry 14). 

Under optimal conditions, we next examined 
the scope of C-H arylation (Fig. 2). The arylation of 
2-methylbenzaldehyde 1a proceeded with a wide 
range of aryl iodides in good yields. Both electron- 
donating (2a to 2c) and electron-withdrawing 
(2f to 2n) substituents are well tolerated at 
either the para or meta position of the aryl io- 
dide (72 to 83% yield). The use of a sterically 
hindered ortho-substituted aryl iodide led to 
a reduced yield (2d, 43%). The reaction can ac- 
commodate a range of functional groups, includ- 
ing halides (F and Br), nitro groups, aldehydes, 
ketones, esters, and even free carboxylic acid 


A Two Strategies for Directed C—H Activation 


pre-installed directing groups 
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transient directing groups 


a. 
Ce [M]--DG 


groups. More importantly, this reaction is 
compatible with heteroaryl iodides as coupling 
partners (20 to 2v), overriding the strong co- 
ordination of heteroatoms to the metal catalyst. 
This feature renders the reaction particularly 
useful for the synthesis of biologically active 
compounds bearing heterocycles. Finally, benzal- 
dehydes with various ortho, meta, and para 
substituents were effectively arylated with 1-iodo- 
3-nitrobenzene, providing the corresponding pro- 
ducts in good yields under the standard conditions 
(2w to 2ad). The use of the analogous ketone 
substrate 2'-methylacetophenone produced the 
arylated product in low yield, presumably be- 
cause that ketimine is more difficult to form. 
We next investigated whether the same strat- 
egy could be applied to aliphatic ketone sub- 
strates, which are versatile and widely used 
synthetic intermediates (23). Although f-arylation 
of ketones via reaction pathways other than 
B-metal insertion has been limited to the sub- 
strates without a-substitution (24, 25), directed 
C(sp*)-H activation of ketones has only been stu- 
died through the intermediacy of preformed 
oximes (9, 26, 27). We were aware that direct 
arylation of ketones using a transient directing 


Fig. 1. C-H activation using transient directing 
groups. (A) Two strategies for directed C-H acti- 
vation. M, metal. (B) Pioneering examples of 
reversibly linked directing groups. Me, methyl; X, 
leaving group. (C) C(sp%)-H arylation using an 
amino acid as a transient directing group. Phth, 
phthalimido; Et, ethyl; TFA, trifluoroacetic acid. 
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Fig. 2. Palladium-catalyzed 
benzylic C(sp?)—-H arylation 
of aldehydes. Ar(Het), 
(hetero)aryl. 


a i" " 
i ” CLA 
2a, 72% 2b, 82% 2c, 74% 
o 0 oO NO». 
COCEOSS 
2f, 81% 2g, 79% 2h, 83% 
fe) COsMe fe) 
2k, 74% 21, 78% 2m, 73% 


t 
| Y-CF3 YC! 
oN oN 


2p, 68% 


5 5 } 
Me 
Oo" OEY “OLS 
Ss Me fe) 


2u, 58% 


wo oo 


2z, 64% 


10 mol% Pd(OAc)> 


0 
I 40 mol% glycine I 
Ra * AMON! Teequv gira AL: 
NH ACOH:H>0 (9:1) Fp bet) 
re) 
1a-1i (1.2 equiv.) 1.0 equiv. a0 Sa-a8 ni 2a-2ad 


QO CF3 


2q, 52% 2r, 57% 


H 
2v, 54% 2w, 77% 


2aa, 76% 2ab, 81% 


i 
~s Cl 
zN 


“Oo alo 


2d, 43% 2e, 70% 
oO oO. Me 
od 
2i, 81% 2j, 76% 
COsH 
° see 
CF3 
2n, 74% 20, 71% 
o a o 
OOCY 
fm N 
Cl Ts 
2s, 47% 2t, 72% 
O NO, Te ekg 
. Me 
2x, 84% 2y, 73% 
Q  NOz Q  NOz 
Bee SLO 
2ac, 60% 2ad, 68% 


For each entry number (in boldface), data are reported as isolated yield. See supplementary materials for experimental 


details. 


group would pose several challenges: First, in 
situ formation of ketimines is generally less fa- 
vored than that of aldimines. Second, one of the 
ketimine E/Z isomers may not be reactive if the 
orientation of the imino acid directing group is 
not suitable for directing palladium in proximity 
to the target C-H bond. Third, tautomerization 
of imines to enamines may occur as a competing 
pathway, which would generate an ineffective 
directing group. With these considerations in 
mind, we further optimized the reaction con- 
ditions for ketone arylation. Although the initial 
investigation with 3-methyl-2-pentanone (3a) 
provided <2% yield of the desired product under 
the optimal conditions for aldehydes (table S2, 
entry 1), we found that by using 50 mol % glycine 
and a 3:1 mixture of HFIP:AcOH as the solvent, 
the yield of B-arylation product 4a could be 
substantially improved to 71% (table S2, entry 7). 
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However, a variety of amino acids with side chains 
proved inferior and led to diminished yields 
(table S2, entries 9 to 11). 

We then explored the scope of ketones and 
aryl iodides under the new conditions. As il- 
lustrated in Fig. 3, a wide range of aryl iodides 
with electron-donating or -withdrawing substit- 
uents were well tolerated (4a to 4). Moderate 
to good yields were achieved after conducting 
the reaction with a variety of linear, o-branched, 
and cyclic ketones (4g to 417). We found that 
this method can activate methylene C(sp*)-H 
bonds in cyclic substrates, producing the corre- 
sponding syn products with excellent diaster- 
eoselectivity (40 to 4q). Furthermore, one example 
of y-arylation was observed when B-C(sp*)-H 
bonds were absent in the substrate (4s). How- 
ever, aliphatic aldehydes are not suitable sub- 
strates because competing reaction pathways 


lead to the decomposition of the starting mate- 
rial under the current conditions. 

Because carrying out Pd-catalyzed enantiose- 
lective C-H insertion reactions remains a sub- 
stantial challenge (19, 28-30), we wondered 
whether the enantioselective C-H arylation 
could be achieved by using a chiral reversible 
directing agent. Thus, benzaldehydes bearing 
methylene C(sp*)-H bonds were investigated in 
the presence of a chiral amino acid. This trans- 
formation is difficult due to the more sluggish 
C-H activation, as well as the requirement of 
discrimination between the two enantiotopic 
C-H bonds. On the basis of our proposed inter- 
mediate in Fig. 1C, we envisioned that the enan- 
tioselection could be realized through the steric 
interaction between the R group (R = H) and 
the bulky side chain R” of the amino acid. 
Indeed, when 40 mol % t-valine (R” = isopropyl) 
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10 mol% Pd(OAc)> 
50 mol% mane. 


Fig. 3. Palladium-catalyzed C(sp>)-H arylation of 
ketones. Pr, propyl; Bu, butyl; Hex, hexyl; dr, diastere- 
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For each entry number (in boldface), data are reported as isolated yield. See 


supplementary materials for experimental details. 


equiv. aryl iodide. 


was used instead of glycine, the arylation of 
2-ethyl-5-(trifluoromethyl)benzaldehyde (5a) pro- 
vided the desired product 6a with an enantio- 
meric ratio (er) of 85:15 (table S3, entry 4). 
Consequently, we speculated that a more steri- 
cally encumbered amino acid should lead to 
superior enantioselectivity. When we performed 
the reaction using L-tert-leucine (R” = tert-butyl), 
we achieved excellent enantioselectivity (98:2 er), 
albeit in only 30% NMR yield (table S3, entry 5). 
Reducing the ratio of ligand-to-Pd from 4:1 to 


2:1 resulted in a substantially enhanced yield 
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* Reaction performed at 130°C with 3.0 


(87%), without any erosion of enantioselectivity 
(table S3, entry 6). Apparently, sterically bulky 
L-tert-leucine is less prone to imine formation, 
allowing the free form of the amino acid to 
coordinate with Pd(II) and deactivate the 
catalyst. Finally, the addition of 3 equivalents 
of water led to nearly identical results (table 
$3, entry 8). However, the presence of water 
has proved to be beneficial to other aldehyde 
substrates. 

Under optimized conditions, the enantioselec- 
tive arylation of 5a proceeded effectively with a 


omeric ratio. 


wide range of aryl iodides bearing various func- 
tional groups at the para or meta position (6a to 
6i in Fig. 4). With respect to the scope of al- 
dehydes, the reaction is compatible with ester 
(6j), trifluoromethyl (6k), and halogen substituents 
(61 to 6n). Halogen-substituted benzaldehydes 
exhibited higher reactivity, and the palladium 
catalyst loading could be reduced to 5 mol %. 
Moreover, the methylene C(sp®)-H bond on lon- 
ger side chains could also be activated (60 and 
6p), thus greatly expanding the scope of aldehydes 
for this reaction. 
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Fig. 4. Palladium-catalyzed 
enantioselective benzylic 
C(sp?)-H arylation of 
aldehydes. HPLC, 
high-performance liquid 
chromatography. 
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by chiral HPLC analysis. See supplementary materials for experimental details. “Reaction performed at 110°C. 
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ASTRONOMY 


ASASSN-15Ih: A highly 
super-luminous supernova 


Subo Dong,’* B. J. Shappee,” J. L. Prieto,®* S. W. Jha,” K. Z. Stanek,” 

T. W.-S. Holoien,®” C. S. Kochanek,®” T. A. Thompson,” N. Morrell,® I. B. Thompson,” 
U. Basu,° J. F. Beacom,””® D. Bersier,’° J. Brimacombe," J. S. Brown,° F. Bufano,’” 
Ping Chen,” E. Conseil,’* A. B. Danilet,® E. Falco,”” D. Grupe,’® S. Kiyota,’” G. Masi,'® 
B. Nicholls,’® F. Olivares E.,*"?° G. Pignata,*”° G. Pojmanski,”’ G. V. Simonian,° 


D. M. Szczygiel,™ P. R. Wozniak” 


We report the discovery of ASASSN-15Ih (SN 2015L), which we interpret as the most 
luminous supernova yet found. At redshift z = 0.2326, ASASSN-15lh reached an absolute 
magnitude of M,, ag = —23.5 + 0.1 and bolometric luminosity Lj.) = (2.2 + 0.2) x 10° ergs s™, 
which is more than twice as luminous as any previously known supernova. It has several 
major features characteristic of the hydrogen-poor super-luminous supernovae (SLSNe-1), 
whose energy sources and progenitors are currently poorly understood. In contrast to 
most previously known SLSNe-! that reside in star-forming dwarf galaxies, ASASSN-15!Ih 
appears to be hosted by a luminous galaxy (Mx = —25.5) with little star formation. In the 
4 months since first detection, ASASSN-15Ih radiated (1.1 + 0.2) x 10° ergs, challenging 


the magnetar model for its engine. 


nly within the past two decades has the 
most luminous class of supernovae (super- 
luminous supernovae, SLSNe) been identi- 
fied (2). Compared with the most commonly 
discovered SNe (Type Ia), SLSNe are more 
luminous by over two magnitudes at peak and 
rarer by at least 3 orders of magnitude (2). Like 
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normal SNe, SLSNe are classified by their spectra 
as either SLSN-I (hydrogen-poor) or SLSN-II 
(hydrogen-rich). Yet, the physical characteristics 
of SLSNe may not be simple extensions from 
their low-luminosity counterparts (7). In particu- 
lar, the power source for SLSNe-I is poorly un- 
derstood (3). Adding to the puzzle, SLSNe tend 
to explode in low-luminosity, star-forming dwarf 
galaxies (4-6). The recent advent of wide-area, 
untargeted transient surveys has made the system- 
atic discovery and investigation of the SLSNe pop- 
ulation possible [(7, 8) and references therein]. 

The All-Sky Automated Survey for SuperNovae 
[ASAS-SN; www.astronomy.ohio-state.edu/~assassin 
(9)] scans the visible sky every two to three 
nights to depths of V = 16.5 to 17.3 mag using a 
global network of 14-cm telescopes (9) in an 
untargeted search for new transients, particu- 
larly bright supernovae. 

On 14 June 2015 (universal time dates are used 
throughout this paper), ASAS-SN triggered on a 
new source located at RA = 22502™15°.45 Dec = 
-61°39'34".6 (J2000), coinciding with a galaxy 
of then unknown redshift, APMUKS(BJ) B215839.70- 
615403.9 (10). Upon confirmation with our follow- 
up telescopes, we designated this new source 
ASASSN-15Ih and published its coordinates (11). 

By combining multiple epochs of ASAS-SN im- 
ages, we extended the detections to fainter fluxes, 
finding prediscovery images of ASASSN-15lh from 
8 May 2015 (V = 17.39 + 0.23 mag), and the light 
curve through 19 September 2015 is shown in 
Fig. 1. The ASAS-SN light curve peaked at V = 
16.9 + 0.1 on approximately ta, ~ JD2457179 
(2015 June 05) based on a parabolic fit to the 
lightcurve (Fig. 1, dashed line). Follow-up images 
were taken with the Las Cumbres Observatory 
Global Telescope Network (LCOGT) 1-m telescopes, 
and the BV light-curves with the galaxy contri- 
bution subtracted are also shown. 


We obtained an optical spectrum (3700 to 
9200 A) of ASASSN-15Ih on 21 June 2015 with the 
du Pont 100-inch telescope. The steep spectral 
slope with relatively high blue flux motivated 
Swift UltraViolet and Optical Telescope (UVOT)/ 
X-Ray Telescope (XRT) (12) target-of-opportunity 
observations starting on 24 June 2015. The six- 
band Swift light curve spanning from the ultra- 
violet (UV) to the optical (1928 to 5468 A) is shown 
in Fig. 1. The Swift spectral energy distribution 
(SED), peaking in the UV, indicates that the source 
has a high temperature. We derive a 30 x-ray flux 
limit of <1.6 x 10°“ ergs s! cm” (0.3 to 10 keV) 
from a total XRT exposure of 81 ks taken between 
24 June and 18 September 2015. 

The du Pont spectrum is mostly featureless 
(Fig. 2A, first from the top), except for a deep, 
broad absorption trough near ~5100 A (observer 
frame). SNID (73), a commonly used SN classifi- 
cation software that has a spectral library of most 
types of supernovae except SLSN, failed to find a 
good SN match. However, we noticed a resem- 
blance between the trough and a feature attributed 
to O II absorption near 4100 A (rest frame) in the 
spectrum of PTF10cwr/SN 2010gx, a SLSN-I at 2 = 
0.230 (3, 14, 15). Assuming that the ASASSN-15Ih 
absorption trough (full width at half maximum 
of ~10* km s’}) was also due to the same feature 
indicated a similar redshift of zg ~ 0.23. An op- 
tical spectrum (3250 to 6150 A) obtained on the 
Southern African Large Telescope (SALT) revealed 
a clear Mg II absorption doublet (AA2796, 2803) 
at g = 0.232, confirming the redshift expected 
from our tentative line identification. Subsequent 
Magellan/Clay (6 July) and SALT (7 July) spectra 
refined the redshift to z = 0.2326 (Fig. 2, C and D). 
The available rest frame spectra show continua 
with steep spectral slope, relatively high blue fluxes, 
and several broad absorption features also seen 
in PTF10cwr/SN 2010gx (Fig. 2A, features “a,” “b,” 
and “c”) and without hydrogen or helium fea- 
tures, which is consistent with the main spectral 
features of SLSNe-I (, 3). The broad absorption 
feature near 4400 A (Fig. 2, “d”) seen in PTF10cwr/ 
SN 2010gx is not present in ASASSN-15lh. 
ASASSN-151h thus has some distinct spectral char- 
acteristics in comparison with PTF1l0cwr/SN 2010gx 
and some other SLSNe-I (3). 

Using a luminosity distance of 1171 Mpc (stan- 
dard Planck cosmology at z = 0.2326), Galactic 
extinction of E(B - V) = 0.03 mag (J6), assuming 
no host extinction (thus, the luminosity derived 
is likely a lower limit), and fitting the Swift and 
LCOGT flux measurements to a simple black- 
body (BB) model, we obtain declining rest-frame 
temperatures of Tpp from 2.1 x 10* to 1.3 x 10*K 
and bolometric luminosities of Lo) = 2.2 x 10“ 
to 0.4 x 10” ergs s! at rest-frame phases relative 
to the peak of t,.;, ~ 15 and ~50 days, respectively 
(Fig. 3). ASASSN-15lh’s bolometric magnitude de- 
clines at a best-fit linear rate of 0.048 mag day”, 
which is practically identical to SLSN-I iPTF13ajg 
(17) at 0.049 mag day”! during similar phases 
(~10 to ~50 days). Subsequently, the luminosity 
and temperature reach a “plateau” phase with 
slow changes, and a similar trend is also seen for 
iPTF13ajg though with sparser coverage. Overall, 
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the temperature and luminosity time evolution 
resemble iPTF13ajg, but ASASSN-15lh has a system- 
atically higher temperature at similar phases. The 
estimated BB radius of ~5 x 10" cm near the peak 


is similar to those derived for other SLSNe-I (3, 17). 
These similarities in the evolution of key properties 
support the argument that ASASSN-15Ih is a mem- 
ber of the SLSN-I class, but with extreme properties. 


Observational dates for ASASSN-15lh in 2015 
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Fig. 1. Multi-band light curve of ASASSN-15Ih. The V-band ASAS-SN light curve is shown as black 
solid dots, and upper limits are represented by black arrows. Swift and LCOGT 1-m data are shown as 


open circles. 


Fig. 2. Rest-frame spectra of ASASSN-15Ih 
(black) compared with SLSN-I PTF10cwr/SN 
2010gx (red). (A) The spectra are offset for clarity, 
labeled with phases and telescopes, and ranked by 
descending Tgp (given on the right) from the top. 
The ASASSN-15Ih spectra are blue and featureless, 
except for broad absorption features labeled “a,” 
“b,” and “c” (marked in blue), which match those of 
PTFlO0cwr/SN 2010gx at similar Tgp. Absorption 
features “a” at ~4100 A and “d” at ~4400 A 
(marked in red) in PTFlOcwr/SN 2010gx are com- 
monly attributed to O II (3, 15). The ~4400 A fea- 
ture is not present in ASASSN-15Ih. (B) Close-ups 
of the 4100 A features, whose evolution in shape, 
depth, and velocity as a function of Tgp is similar 
for both supernovae. (C and D) The ASASSN-15Ih 
host redshift (z = 0.2326) is determined from the 
Mg II doublets seen in the SALT and Clay MagE 
spectra, with EW 0.55 + 0.05 and 0.49 + 0.05 Ain 
(C) and (D), respectively. 
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The absolute magnitudes (AB) in the rest-frame 
u-band are shown in Fig. 4. Using either Tgp or 
the spectra, there is little K-correction (78) in 
converting from B-band to rest-frame 2, with 
KBox, = —0.1. The solid red points at trest 2 
10 days include B-band data. Before ~10 days, 
we lack measurements in blue bands. To esti- 
mate M,, ap at these earlier epochs, we assumed 
the B - V = -0.3 mag color and K-corrections 
found for the later epochs with Swift photome- 
try. We estimate an integrated bolometric lumi- 
nosity radiated of ~(1.1 + 0.2) x 10°? ergs over 
108 days in the rest frame. Although our esti- 
mates at trest S$ 10 days should be treated with 
caution, we can securely conclude that the peak 
M,,az is at or brighter than -23.5 + 0.1, with a 
bolometric luminosity at or greater than (2.2 + 
0.2) x 10” ergs s‘. Both values are without pre- 
cedent for any supernova recorded in the lite- 
rature. In Fig. 4, we compare ASASSN-151h with a 
sample of SLSNe-I (3, 17). Although its spectra 
resemble the SLSNe-I subclass, ASASSN-15Ih 
stands out from the luminosity distribution of 
known SLSNe-I, whose luminosities are nar- 
rowly distributed around M ~ -21.7 (2, 19). In 
table S1, we list the peak luminosities of the 
five most luminous SNe discovered to date, 
including both SLSN-I and SLSN-II. The spectral 
correspondence and similarities in temper- 
ature, luminosity, and radius evolutions between 
ASASSN-15lh and some SLSNe-I lead to the con- 
clusion that ASASSN-151h is the most luminous 
supernova yet discovered. Even though we find 
that SLSN-I is the most plausible classification 
of ASASSN-15]h, it is important to consider 
other interpretations given its distinct proper- 
ties. We discuss alternative physical interpreta- 
tions of ASASSN-15lh in the supplementary text, 
and given all the currently available data, we 
conclude that it is most likely a supernova, 
albeit an extreme one. 
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The rate of events with similar luminosities 
to ASASSN-15lh is uncertain. On the basis of a 
simple model of transient light curves in ASAS- 
SN observations tuned to reproduce the mag- 
nitude distribution of ASAS-SN Type Ia super- 
novae (supplementary text), the discovery of 
one ASASSN-15]h-like event implies a rate of 
r= 0.6 Gpe? yr ! (90% confidence: 0.21 < 7 < 2.8). 
This is at least 2 times and can be as much as 
100 times smaller than the overall rate of SLSNe-I, 
r = 32 Gpe? yr! (90% confidence: 6 < 7 < 109) 
from (2), and suggests a steeply falling luminos- 
ity function for such supernovae. 

For a redshift of z = 0.2326, the host galaxy 
of ASASSN-15lh has Mx = -25.5, which is much 
more luminous than the Milky Way. We estimate 
an effective radius for the galaxy of 2.4 + 0.3 kpc 
and a stellar mass of M: = 2 x 10" Mo. This is in 
contrast to the host galaxies of other SLSNe, 
which tend to have much lower M: (4-6). How- 
ever, given the currently available data, we cannot 
rule out the possibility that the host is a dwarf 
satellite galaxy seen in projection. The lack of 
narrow hydrogen and oxygen emission lines from 
the galaxy superimposed in the supernova spectra 
implies little star formation (SFR) < 0.3 Mz yr’ by 
applying the conversions in (20). Las Cumbres 
Observatory Global Telescope (LCOGT) astrometry 
places ASASSN-15lh within 0”.2 (750 pc) of the 
center of the nominal host. A detailed discussion 
of the host properties is provided in the supple- 
mentary text. 

The power source for ASASSN-15lh is unknown. 
Traditional mechanisms invoked for normal SNe 
likely cannot explain SLSNe-I (3). The lack of 
hydrogen or helium suggests that shock inter- 
actions with hydrogen-rich circumstellar mate- 
rial, invoked to interpret some SLSNe, cannot 
explain SLSNe-I or ASASSN-15lh. SLSN-I post- 
peak decline rates appear too fast to be explained 
by the radioactive decay of *°Ni (3)—the energy 
source for Type Ia supernovae. Both the decline 
rate of the late-time light curve and the in- 
tegral method (27) will allow tests of whether 
ASASSN-15Ih is powered by *°Ni, and we estimate 
that 230 Mj of °°Ni would be required to produce 
ASASSN-15lh’s peak luminosity. Another possi- 
bility is that the spindown of a rapidly rotating, 
highly magnetic neutron star (a magnetar) pow- 
ers the extraordinary emission (22-24). To match 
the peak Zp.) and time scale of ASASSN-15lh, the 
light-curve models of (23) imply a magnetar spin 
period and magnetic field strength of P ~ 1 ms 
and B = 10" G, respectively, assuming that all of 
the spindown power is thermalized in the stellar 
envelope. If efficient thermalization continues, 
this model predicts a Ly.) & t? power-law at late 
times. The total observed energy radiated so far 
(11 + 0.2 x 10° ergs) strains a magnetar inter- 
pretation because, for P < 1 ms, gravitational 
wave radiation should limit the total rotational 
energy available to E™* ~ 3 x 10” ergs (25) and 
the total radiated energy to a third of ER", 
which is ~10™ ergs (23). 

The extreme luminosity of ASASSN-15lh 
opens up the possibility of observing such super- 
novae in the early universe. An event similar to 
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ASASSN-15lh could be observed with the Hubble 
Space Telescope out to z ~ 6, and with the James 


observed local counterpart will be critical in mak- 
ing sense of future observations of the transient 


Webb Space Telescope out to z = 10 (19). A well- | high-redshift universe. 
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Fig. 3. Time evolution 
of blackbody tem- 
peratures, radii and 
bolometric luminos- 
ities for ASASSN-15Ih 
(black) and SLSN-I 
iPTF13ajg (red). Solid 
black dots show esti- 
mates derived from the 
full UV and optical bands, 
whereas the open circles 
show those from optical 
only. For trest < 10 days, 
only V-band is available, 
and the temperatures 
are estimated on the 
basis of linear extra- 
polation from MJD = 
57191 — 57241. 
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Fig. 4. Rest-frame absolute magnitude light curve of ASASSN-15Ih near peak compared with 
other SLSNe-I. Estimates of Mu,as for ASASSN-15Ih at trest 2 10 days are derived from B-band fluxes, 
which are subject to small K-corrections, whereas the less reliable M,,ag estimates are based on V-band 
only for trest S$ 10 days. The comparison sample (3, 17) includes the most luminous SLSNe-I previously 
known. At Mag = —23.5, ASASSN-15Ih stands out from the SLSNe-! luminosity distribution (2, 19). Its 
peak bolometric absolute magnitude is more than ~1 mag more luminous than any other SLSN-I. 
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PALEOANTHROPOLOGY 


Early human presence in the Arctic: 
Evidence from 45,000-year-old 


mammoth remains 


Vladimir V. Pitulko,’*+ Alexei N. Tikhonov,”* Elena Y. Pavlova,” Pavel A. Nikolskiy,* 


Konstantin E. Kuper,> Roman N. Polozov® 


Archaeological evidence for human dispersal through northern Eurasia before 40,000 
years ago is rare. In west Siberia, the northernmost find of that age is located at 57°N. 
Elsewhere, the earliest presence of humans in the Arctic is commonly thought to be circa 
35,000 to 30,000 years before the present. A mammoth kill site in the central Siberian 
Arctic, dated to 45,000 years before the present, expands the populated area to almost 
72°N. The advancement of mammoth hunting probably allowed people to survive and 
spread widely across northernmost Arctic Siberia. 


vidence for human habitation in the Arctic 
before the Last Glacial Maximum (LGM), 
which spans 26.5 to 19 thousand years 
ago (ka) (J), is very rare (Fig. 1A and fig. S1). 
It has only become available in the past 
20 years, with the discoveries of the Mamontovaya 
Kurya site (2) in the European Arctic and the 
Yana Rhinoceros Horn Site (RHS) in Arctic Siberia 
(3). Before these discoveries, researchers held 
that humans could not have started populating 
the Arctic regions until the Pleistocene-Holocene 
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boundary (4). The recent discoveries indicate the 
presence of people in the Arctic at least at the 
end of marine isotope stage 3 (MIS 3), around 
28,000 “C years before the present (yr B.P.) or 
slightly earlier, whereas older sites are found 
south of 55°N. 

Archaeological evidence for human dispersal 
throughout northern Eurasia dated to the first 
half of MIS 3 is known from different areas (5-10). 
In Siberia, this evidence is concentrated far south 
of the Arctic circle (7-1. In addition to some 
dozen sites with age estimates within ~45 to 30 ka, 
which are well supported by reliable data, there 
are several controversial localities in northeast 
Europe (22, 13), the Urals (14), and Siberia (9, 10). 
Thus, the relevant archaeological record for all of 
northern Eurasia amounts to 15 to 20 contexts 
with a northern latitudinal limit of 55°N (fig. S1). 
In west Siberia, a human fossil with an early mod- 
ern human genome was recently found at 57°N 
and produced a direct radiocarbon date of 45,000 
yr B.P.; however, these remains were not found 
in an archaeological context (15). Thus, the ar- 
chaeological record for northern Eurasia has 
not suggested human presence in the Arctic 


that early, although there is evidence firmly 
dated to ~30 ka (3). 

Ice sheet expansion during MIS 4 did not af- 
fect most of the Siberian Arctic (16). Interglacial 
(MIS 3) environmental conditions varied across 
the Eurasian Arctic (17-21) but were overall ben- 
eficial for the growth of late Pleistocene large 
herbivore populations, including mammoths, in 
various parts of the region (22-25). At the end of 
MIS 3, mammoths moved into deglaciated areas 
(26) and offered an unlimited food source, sup- 
porting the pre-LGM human settlement now 
corroborated for both the European and eastern 
Siberian Arctic (2, 3, 25, 26). 

The central Siberian Arctic was also populated 
by mammoths for a long time (22, 27). Recon- 
structed fluctuations of their population num- 
bers (22) largely follow the pattern seen among 
the mammoth populations in the New Siberian 
Islands and Northern Yana-Indighirka lowland. 
One of the highest peaks of the mammoth pop- 
ulation numbers occurred around 44 to 42 ka (25). 

In 2012, a team led by one of us (Tikhonov) 
excavated a partial carcass of a woolly mammoth 
(Mammuthus primigenius, Blumenbach, 1799) 
from frozen sediments exposed in a coastal bluff 
on the eastern shore of Yenisei Bay, 1.8 km north 
of the Sopochnaya Karga (SK) meteorological 
station, at 71°54'19.2”N and 82°4’23.5”E (Fig. 1B). 
The exposure stratigraphy there is composed of 
several clear structural elements (28). 

Several radiocarbon dates help anchor this 
sequence in time (Fig. 1, C and D, and table S1). 
The peat layer (bed 3) is dated to 36,000 + 2500 
MC yr BP. (LE-9822). A small willow branch frag- 
ment from bed 3 yielded an age of 47,600 
+10,200/-4400 “C yr B.P. (LE-9821). Bed 4, 
which marks the beginning of the taberite sed- 
iments, produced a date of 18,200 +2600/-2200 
MC yr B.P. (LE-9823). This sequence is above bed 
1, which holds the mammoth carcass. Consid- 
ering these dates, the age of the SK mammoth 
can be estimated at about 40 ka. A direct date on 
tibia bone, 44,570 +950/-700 “C yr B.P. (table 
82), is consistent with the stratigraphy and the 
surrounding deposit dates (Fig. 1D). Thus, the SK 
mammoth carcass is a rare in situ specimen from 
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the early phase of MIS 3 when mammoth pop- 
ulations in Taimyr were slowly growing (22, 25). 
Additional dates (28) independently received on 
mammoth remains concur (table S3). 

The SK mammoth is an exceptionally com- 
plete mammoth skeleton (28) with a small amount 
of preserved soft tissue, including the remains of 
the fat hump and the penis. It is more complete 
than other recent finds from Taimyr, known as 
the Kastyktakh (29) and Jarkov mammoths (30). 
The large amount of fat at the hump indicates 
that the mammoth was in a good physical con- 
dition. This was a young male around 15 years 
old, according to the tooth change model (31). 

Its bones exhibit a number of unusual injuries 
(Figs. 2 and 3 and figs. S2 to S4). Damage is seen 
on the left scapula (Fig. 2B and fig. S2), the left 
jugal bone (Fig. 3), the fifth left rib (fig. $3, A to 
©), and the second right rib (fig. S3, D and E). 
Unequivocal postmortem damage is also recorded 
on the tip of the right tusk and the mandible, the 
left coronoid process of which is broken off (28). 

A small rounded hole, filled with sediment par- 
ticles, was discovered on the internal side of the 
left jugal bone after it was separated from the 
skull during the excavation (Fig. 3). The bone is 
uniformly patinated and has no evidence of re- 
cent damage. To clarify the character of this 
unusual injury, the bone was studied with x-ray 
computed tomography (XCT) (Fig. 3, D to F). 

The shape of the injury (Fig. 3G) suggests that 
the tip of the weapon that damaged the jugal 
bone had a thinned symmetric outline (the cross- 
tip section at the point of entry measures 3.4 mm 
at the short axis and 5.1 mm at the long axis) and 
was relatively sharp (the height of an equilateral 
triangle with a base of 5.1 mm is 3.42 mm). In 
most cases, bone or ivory weapons have a conical 
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tip that is symmetric and quite acute (~30° to 40°) 
at the end (3, 32, 33), but they are relatively fragile 
and often break as they penetrate bones (33). In 
this case, the tool resisted breaking and inflicted 
injury on the cranial bones. The blade retained 
its weapon characteristics and kept enough en- 
ergy to go through the cheekbone surface, pen- 
etrating deeply into the bone. The blow was 
evidently very strong and was suffered by the 
animal from the left back and from top down 
(Fig. 3A), which is only possible if the animal was 
lying down on the ground. 

This injury itself is probably the result of a 
missed blow, targeting the base of the trunk. This 
specific hunting method is still practiced in Africa 
by elephant hunters, who target the base of the 
trunk to cut major arteries and cause mortal 
bleeding (34). This blow becomes necessary after 
the animal has been sufficiently injured, and the 
SK mammoth displays numerous injuries in the 
thoracic area (to ribs and the left scapula). 

The most remarkable injury is to the fifth left 
rib, caused by a slicing blow, inflicted from the 
front and somewhat from above downward (Fig. 
2B and fig. S3C). The incision is filled in with 
well-rounded sand particles from the matrix 
deposits. Although it was a glancing blow, it was 
strong enough to go through skin and muscles 
and damage the bone. A similar but less powerful 
blow also damaged the second right front rib 
(Fig. 2A and fig. S3, D and E). Such blows were 
aimed at internal organs and/or blood vessels. 

The SK mammoth was also hit in the left scap- 
ula at least three times. Two of these injuries, 
judging from the location of the dents at the distal 
(top, in an anatomic skeletal position) edge of the 
scapula, left of the spine, were imparted by a 
weapon, which went downward through the skin 
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Fig. 1. Geographic, stratigraphic, and dating overview for the Siberian Arctic. (A) Dated ar- 
chaeological contexts (2, 3) and geological sites mentioned in the text: SKMS, SK mammoth site; KML, 
Kastyktakh mammoth site (29). (B) Location of the SK mammoth site. (C) General view of the exposure 
before the excavations. (D) Lithology and cryostratigraphy of the SK mammoth site. 
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and muscles, moving from the top and side (Fig. 
2B and fig. S2, A and D). These markings indicate 
injuries evidently left by relatively light throwing 
spears. 

Amuch more powerful blow damaged the spine 
of the left scapula (Fig. 2B and fig. S2). It may have 
been imparted by a thrusting spear, practically 
straight from the front at the level of the coracoid 
process. The weapon went through the shoulder 
skin and muscle, almost completely perforating 
the spine of the scapula. The blow produced a 
lattice of cracks, and the bone curved in the di- 
rection of the impact. Taking into account the 
scapula’s location in the skeleton and the estimated 
height of this mammoth, the point of impact 
would be approximately 1500 mm high; i.e., at the 
height of an adult human’s shoulder. This area is 
the weakest on the scapula, but it usually remains 
intact even on bones found separately, including 
bones of younger mammoth individuals. 

The SK mammoth remains also display post- 
mortem damage, which indicates human activ- 
ity. First, the ramus of the mandible is broken. 
These bones are quite strong: even when found 
isolated in much harsher taphonomic conditions, 
they often remain complete. However, in anthro- 
pogenic contexts, mammoth mandibles are most- 
ly lacking one or both coronoid processes. Such 
mandible treatment may reflect tongue extrac- 
tion. The Yana collection showed that mammoth 
tongue was often consumed by the hunters, per- 
haps as a ritual food or a delicacy (33). 

The only preserved tusk of the SK mammoth 
(the right tusk) shows traces of human modification. 
These could be expected to be focused around 
the alveolar region, reflecting an attempt to sep- 
arate the outside of the tusk by chopping. In- 
stead, that portion remained intact (Fig. 2E), 
whereas the tip of the tusk shows evidence of 
impact. Several relatively thin subparallel spalls 
were removed (fig. S4); the tip of the tusk, nor- 
mally quite blunt (35, 36), served as a platform 
for these removals. 

The natural breakage pattern found on mam- 
moth tusks (36) and on those of recent elephants 
(37) is completely different from the pattern on 
the SK mammoth tusk. At the same time, such a 
technique is quite different from the ivory tech- 
nology known in arctic Siberia in late MIS 3 
(38). However, the same approach might have 
been used to produce ivory tools with asymme- 
tric working parts that are known in the younger 
archaeological sites nearby (39). 

These removals aimed to obtain long thin 
slivers of ivory with sharp edges, which were 
usable as butchering tools in places where qual- 
ity lithic raw material is hardly available. In the 
modern estuarine area of the Yenisei, it is com- 
pletely absent. Ivory flakes have a sharp cutting 
edge and can be used as cutting or scraping im- 
plements. Rarely, such objects are found in 
Siberian Arctic Stone Age sites (39), specifically 
in regions where lithic raw material is available 
in small nodules only. 

Thus, the SK mammoth bone remains provide 
well-supported evidence for human involvement 
in its death. These are: (i) a lesion on the jugal 
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Fig. 2. Taphonomy of the SK mammoth and the inventory map for perimortem (red arrows) and 
postmortem damages (blue arrows) found on bones. (A) Mammoth skeleton, right view. (B) 
Mammoth skeleton and internal organs, left view. (C) Excavations of the carcass from channel 
deposits unit. (D) Right mammoth tusk with worked tip. (E) Undamaged alveolar part of the tusk, with 
extensive vivianite crust. (F) Unpatterned traces on the right tusk surface left by hard particles of the 
matrix sediments. 


Fig. 3. Human-inflicted lesion on the left jugal 
bone of the SK mammoth head. (A) Mammoth 
skull with the marked direction of the penetrating 
wound (solid red arrow) documented by a lesion on 
the jugal bone [(B) to (F)] and desired direction of 
the impact (dashed red arrow) in the area of the nasal 
opening. (B) Jugal bone, external side. (C) Jugal bone, 
internal side with a hole. (D) XCT image of the impact 
area. (E) Longitudinal section of the impact area. 
(F) Cross section of the impact area. (G) Three- 
dimensional model of the tool tip. 
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bone, (ii) a butchery mark on the fifth left rib (the 
most solid evidence), and (iii) the worked distal 
end of the right tusk. The same butchery pattern 
is well known for mammoth bones from the Yana 
RHS complex (33). In particular, it is repeatedly 
documented for mammoth ribs (Fig. 4). The bone 
lesion found on the rib of the SK mammoth fully 
replicates that pattern (Fig. 4G). All together, 
these findings leave no doubt that people were 
present in the central Siberian Arctic by 44,570 
+950/-700 “C yr B.P. (GrA-57723), or 49,150 to 
47,100 calendar yr B.P. 

Independently, another locality in the eastern 
Siberian Arctic (Fig. 1A) produced evidence for 
human habitation that also dates to early MIS 3 
(28). The Bunge-Toll site yielded remains of bison, 
rhinoceros, and mammoth. Among those, a left 
humerus of a Pleistocene wolf exhibited an un- 
usual pathology, resulting from an injury, on its 
external lateral surface. Standard x-rays and XCT 
show that the pathology is a result of a penetrat- 
ing injury inflicted by a sharp weapon (fig. S5). 
Such trauma could only have been caused by a hu- 
man. Direct “C dating of the bone indicates that 
this episode occurred 44,650 +950/-700 (GrA-57022); 
ie., contemporaneously with the SK mammoth 
kill. These two incidents suggest that even dur- 
ing the early phases of MIS 3, humans inhabited 
the Arctic quite widely, although the population 
was probably small and remained sparse for a 
long time. 

The SK mammoth kill, along with the Bunge- 
Toll site, confirms the presence of humans in the 
Arctic much earlier than previously suggested. 
This is a rare case of unequivocal evidence for clear 
human involvement, even if there is no artifact 
association (40). Apparently, humans’ ability to 
survive in the Arctic environment, and their spread 
within the region as early as 45 ka, represents an 
important cultural and adaptational shift. We 
speculate that adaptation changes that ensured 
human survival there may be related to innova- 
tions in mammoth hunting. Sustained develop- 
ment of the populations, secured by an abundant 
food source, could have led to their rapid spread 
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Fig. 4. Mammoth ribs with hunting lesions collected at Yana RHS [(A) to (F)], showing the 
mechanism for the formation of bone injury on the fifth rib of the SK mammoth (G). (A) Mammoth 
rib with embedded lithic tool fragment. (B) Mammoth rib with two injuries that retain lithics. (©) View of the 
upper cut at (B). (D) View of the lower cut at (B). (E) Bone injury with no lithic in it but clearly left by the 
same action as for (A) and (B). (F) Bone injury that resulted from sliding of the lithic implement that 
removed part of the bone. (G) Hunting lesion on the fifth left rib of the SK mammoth; compare to (A) to (F) 
and note the same scale for all images. 


across the Siberian Arctic. The early arrival of hu- 
mans in the area close to the Bering land bridge 
may have provided an opportunity for humans 
to enter the New World before the LGM. 
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PHYTOPLANKTON 


The fate of photons absorbed by 
phytoplankton in the global ocean 


Hanzhi Lin,’* Fedor I. Kuzminov,' Jisoo Park,” SangHoon Lee,” 


Paul G. Falkowski,”*} Maxim Y. Gorbunov'}+ 


Solar radiation absorbed by marine phytoplankton can follow three possible paths. 

By simultaneously measuring the quantum yields of photochemistry and chlorophyll 
fluorescence in situ, we calculate that, on average, ~60% of absorbed photons are 
converted to heat, only 35% are directed toward photochemical water splitting, and 

the rest are reemitted as fluorescence. The spatial pattern of fluorescence yields and 
lifetimes strongly suggests that photochemical energy conversion is physiologically limited 
by nutrients. Comparison of in situ fluorescence lifetimes with satellite retrievals of 
solar-induced fluorescence yields suggests that the mean values of the latter are 
generally representative of the photophysiological state of phytoplankton; however, 

the signal-to-noise ratio is unacceptably low in extremely oligotrophic regions, which 


constitute 30% of the open ocean. 


or several decades, chlorophyll concentra- 

tions based on remotely sensed variations 

in ocean color have been used to derive glob- 

al phytoplankton productivity (J, 2). Primary 

productivity models implicitly include phys- 
iological processes, but their explicit representa- 
tion has, thus far, been elusive (3, 4). Variable 
chlorophyll fluorescence is the most sensitive, 
nondestructive signal detectable in the upper 
ocean that reflects instantaneous phytoplankton 
photophysiology (5-7). Over the past two dec- 
ades, many hundreds of thousands of discrete in 
situ measurements of variable fluorescence have 
been made using ship-based active fluorometers. 
These instruments, primarily designed to quan- 
tify the quantum yield of photochemistry (F,/F,,) 
(F,, variable fluorescence; F,,, maximal fluores- 
cence) in photosystem II (PSID, the reaction center 
responsible for splitting water, have been used to 
follow phytoplankton photophysiology in response 
to iron fertilization (8), across eddies (9, 10), along 
meridional transects (7), and in response to many 
other phenomena (22, 13). Although active variable 
fluorescence measurements have become almost 
routine, by themselves, they do not allow closure 
on the fate of light absorbed by phytoplankton. 
Here we report the fraction of sunlight absorbed 
by phytoplankton that is actually used to form 
chemical bonds in the global ocean. Further, we 
compare the spatial distributions of photochem- 
ical energy conversion to the pattern inferred 
from space-based retrievals of solar-induced 
fluorescence yields. 
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The biophysical basis of fluorescence measure- 
ments derives from the three possible fates of 
solar energy absorbed by any photosynthetic 
organism (74). Absorbed photons can (i) generate 
photochemical reactions leading to the produc- 
tion of organic matter (with the rate /p), (ii) be 
dissipated as heat (X;), or (iii) be emitted back to 
the environment as fluorescence (kK) (15). In a 
dark-adapted state or under low irradiance (when 
k;, is constant), the quantum yield of chlorophyll 
fluorescence, o¢ [= ky/(Kp + &, + kp], is inversely 
related to the quantum yield of photochemistry 
in PSII, 6p = p/p + & + kp) = Fy/ Fin. 

Substitution and rearrangement lead to 


Of = Om ad -F ‘Vl. Fim) () 
where Om [= K¢/(At + K)] is the maximum flu- 


orescence yield obtained when photochemistry 
is nil (e.g., at saturating background light). 


Nitrate concentration at surface (umol-L”) 


This biophysical model predicts an inverse 
linear relationship between the quantum yield of 
photochemistry and that of chlorophyll fluores- 
cence. However, by the early 1980s it was realized 
that exposure to high continuous irradiance can 
lead to a suite of thermal dissipative mechanisms, 
collectively called nonphotochemical quenching 
(NPQ) (16). These reactions markedly decrease 
the quantum yield of fluorescence at high back- 
ground light. Hence, the relationship between 
chlorophyll fluorescence and photochemistry, de- 
scribed in Eq. 1, becomes highly nonlinear as NPQ. 
phenomena play an increasingly larger role in 
energy dissipation. 

Calculating the budget of absorbed solar ra- 
diation requires measurements of the quantum 
yields of at least two pathways; for example, 
photochemistry and fluorescence. Although the 
development and use of variable fluorescence 
techniques over the past two decades have pro- 
vided unprecedented information about photo- 
chemical conversion in phytoplankton in situ, 
these instruments are unable to measure the ab- 
solute quantum yields of fluorescence. To over- 
come this basic limitation, we constructed an 
extremely sensitive sea-going instrument that 
measures chlorophyll fluorescence lifetimes in 
the picosecond time domain (/7). The fluores- 
cence lifetime can be quantitatively related to the 
absolute quantum yield of fluorescence (18) 


of = T/T (2) 


where 1, is the intrinsic (or natural) lifetime 
constant for chlorophyll a molecules (77). Thus, 
the longer the lifetime, the higher the quantum 
yield of fluorescence. 

Between 2008 and 2014, we obtained >150,000 
discrete chlorophyll fluorescence lifetime measure- 
ments from the Pacific, Atlantic, Arctic, and 
Southern Oceans. These measurements consti- 
tute the map of quantum yields of chlorophyll 
fluorescence from phytoplankton in the upper 
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Fig. 1. Global distribution of ship-based measurements of chlorophyll fluorescence lifetimes and 
the derived quantum yields of fluorescence (Eq. 2) in the upper ocean, superimposed on the cli- 
matological map of surface nitrate concentrations in the world ocean (32). Periods of in situ 
sampling were (A) July-August 2011, (B) October-November 2011, (C) October-November 2010, (D) 
January 2012, (E) July 2014, (F) September 2010, (G) May 2014, and (H) August 2008. 
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ocean (Fig. 1). The nighttime in situ lifetimes 
ranged from 0.5 to 2.7 ns, with a mean of 1.13 + 
0.33 ns (Fig. 2). This naturally dark-adapted con- 
dition corresponds to a state in which all func- 
tional reaction centers are open and NPQ is 
absent. These values span the entire range of 
published lifetimes of in vivo chlorophyll fluo- 
rescence obtained from cultured phytoplankton 
(17) and reflect extraordinary variability in phyto- 
plankton physiology in the global ocean. The 
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150°E 


165°E 
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general pattern of the fluorescence lifetimes in 
the central gyres of the global ocean is rather 
featureless, although phytoplankton growth is 
subject to both macro- and micronutrient limi- 
tation (74). The shortest fluorescence lifetimes 
(<1 ns) were observed along continental margins, 
in the Antarctic convergence, and in the sub- 
tropical Atlantic and Pacific oceans. These life- 
time distributions support the hypothesis that 
phytoplankton in the central gyres are acclimated 


165°W 150°W 


to broad scales and persistent nutrient limita- 
tion (11, 12). In contrast, the longest fluorescence 
lifetimes were observed in high-nutrient-low- 
chlorophyll (HNLC) regions of the equatorial 
Pacific Ocean and the Southern Ocean, where 
primary production is limited by the paucity of 
iron (19), a micronutrient that is critical for the 
function of PSII (20, 22). The exceptionally high 
values of fluorescence lifetimes in these areas of 
the global ocean are consistent with extremely 


SS Night 
ZA Day 


Fig. 2. (A) Representative diel cycles of chlorophyll fluorescence lifetimes in HNLC and LNLC regions of the Pacific Ocean obtained in October 2011. 
The color bar for lifetimes is the same as in Fig. 1. (B) Histograms of the fractional frequency of lifetime measurements in daytime and at night, respectively. 
The mean value of nighttime lifetimes is 1.13 + 0.33 ns and that of daytime lifetimes is 1.02 + 0.22 ns. 


1 0.1 
8 

58 

= & 0.08 
53 

8 5} 40.06 
o2 

co= 

Dm >} 710.04 
58 0.02 
56 

ro 

fe) 


Fig. 3. Global seasonal maps of quantum yields of solar-induced chlorophyll fluorescence in the upper ocean. (A) Boreal winter (21 December 2011 to 
20 March 2012); (B) boreal spring (21 March to 20 June 2012); (C) boreal summer (21 June to 20 September 2012); and (D) boreal autumn (21 September to 
20 December 2012). 
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low F,/F,, values and indicative of a large frac- 
tion of nonfunctional PSII reaction centers and 
energetically uncoupled antenna pigment-protein 
complexes (2]-23). 

There is a strong diel cycle in fluorescence 
lifetimes; in general, lifetimes were longer at night 
than during daytime, in spite of a marked reduc- 
tion in the quantum yields of photochemistry 
under strong sunlight (Fig. 2). The more than 
fivefold variability in dark-adapted fluorescence 
lifetimes in situ far exceeds that predicted by 
Eq. 1. However, this dynamic range is greatly 
attenuated in high light, when NPQ processes 
are activated. For example, exceptionally long 
lifetimes (>2 ns) measured in a dark-adapted state 
in HNLC regions decrease by more than twofold 
in high light, whereas relatively short lifetimes 
(~1 ns) in low-nutrient-low-chlorophyll (LNLC) 
regions decrease by only 30% under the same 
conditions (Fig. 2A). Regardless of the molecular 
mechanisms responsible for NPQ, the net result 
for high light conditions is increased thermal 
dissipation of absorbed light in PSII, leading to 
both reductions in photochemical energy con- 
version efficiency and in the range of variability 
of the quantum yields of fluorescence. 

With the launch of the Moderate Resolution 
Imaging Spectroradiometer (MODIS) and Me- 
dium Resolution Imaging Spectrometer (MERIS) 
satellites, which possess the capability of remotely 
detecting solar-induced chlorophyll fluorescence 
signals from the global ocean, it became theoret- 
ically possible to calculate the quantum yield of 
chlorophyll fluorescence from space (24-26). 
However, the theoretical basis for estimating 
the relationship between chlorophyll fluores- 
cence and photochemistry was developed before 
there was an understanding of NPQ (24). We 
therefore examined how the measured in situ 
fluorescence lifetimes are related to satellite- 


Fig. 4. Variations in 


derived estimates of the quantum yield of chlo- 
rophyll a fluorescence. 

Statistical analyses (effective sample size >20,000) 
by both Pearson’s linear correlation coefficient and 
two nonparametric Kendall’s tau and Spearman’s 
rho coefficients revealed a weak linear correla- 
tion (P < 0.01) between these satellite-derived 
solar-induced fluorescence yields and the ship- 
based measurements (table S1). Satellite-based 
estimates of the quantum yield are derived from 
observations of the surface ocean at times close 
to local noon (27). Hence, the remotely sensed 
estimates inevitably are obtained at very high 
irradiances and are strongly influenced by NPQ, 
a phenomenon that is extremely difficult to quan- 
tify in global biophysical models. NPQ is not 
only critically dependent on pigment composition 
within the light-harvesting antennae of the phyto- 
plankton (which, in turn, is affected by phyto- 
plankton community composition), but also on 
upper ocean turbulence as it affects the light field 
experienced by the community (28), as well as 
nutrient stress (19). Despite these complications, 
qualitative comparison of satellite-derived maps 
of quantum yields of chlorophyll fluorescence 
(Fig. 3) reveals basic trends that often, but not 
always, correspond to in situ lifetime measure- 
ments. For example, in the Southern Ocean (an 
HNLC region), satellite-derived quantum yields 
are high and correlate with long lifetimes. In this 
iron-limited region of the world oceans, there is a 
well-documented reduction in photosynthetic en- 
ergy conversion efficiency as a result of impairment 
of PSII reaction centers and potential energetic 
uncoupling of the antenna pigment-protein com- 
plexes (7, 22). In the LNLC regions of the central 
oceanic gyres of the North and South Pacific and 
the North Atlantic, measured fluorescence life- 
times are significantly shorter than in HNLC re- 
gions. Although the mean fluorescence yield based 


on the satellite retrievals for the oligotrophic open 
ocean is 0.043 (Fig. 4) and is generally concordant 
with the values measured in situ, the high esti- 
mates of quantum yields obtained from the space- 
based platform (Fig. 3) are not corroborated by in 
situ lifetime measurements. Further, the range of 
estimated quantum yields derived from satellite- 
based measurements (more than sixfold) is far 
larger than that of the in situ lifetimes measured 
at high irradiances (about threefold). Indeed, the 
range of the estimated quantum yields of fluo- 
rescence in the global ocean (~0.02 to 0.15) appears 
to exceed that of our current biophysical under- 
standing of photochemistry in phytoplankton. 
What might be the source of this discrepancy? 

In the central ocean gyres, where surface chlo- 
rophyll concentrations are very low (<0.1mgm~), 
the fluorescence signals propagated to space 
are extremely weak. As a result, the current al- 
gorithms used to calculate quantum yields of 
fluorescence become increasingly uncertain [Fig. 
4 and (26, 29)]. The relationship between mea- 
sured lifetimes and satellite-derived quantum yields 
diverges. In contrast to the satellite-derived yields, 
which have significant “noise,” the in situ lifetime 
measurements remain extremely precise (within 
5%) even at the lowest chlorophyll concentrations 
found in the upper ocean. Another factor behind 
this discrepancy is the effect of pigment packag- 
ing within a phytoplankton cell (25, 30, 31), which 
is most pronounced in larger cells and reduces the 
observed quantum yields, as compared to their 
true “molecular” values inferred from lifetime 
measurements. Similarly, the uncertainties of the 
current algorithms for remote sensing retrievals 
of phytoplankton absorption coefficients (25) fur- 
ther reduce the accuracy of satellite-based estimates 
of the quantum yields. 

Although quantum yields of chlorophyll fluo- 
rescence obtained from current satellite sensors 


MODIS retrievals of 
the quantum yields 
of chlorophyll fluor- 
escence (sample size 
n= 5.17 x 10°) with 
chlorophyll abun- 
dance (17). The mean 
value of these satellite- 
derived quantum yields 
is 0.043. The average 
value of in situ lifetime 
measurements at noon 
(between 10 a.m and 

2 p.m local time) is 
0.99 + 0.2 ns, which 
corresponds to the 
quantum yield of 0.066 
+ 0.013. (Inset, top 
right) Global 0 
distribution (10-year 

average) of chlorophyll 

concentrations in the 

boreal summer. The 
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gray area indicates oligotrophic regions with chlorophyll concentrations below 0.1 mg m-s, this area covers ~30% of the global ocean. 
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have many inherent inaccuracies, this approach 
to understanding global photophysiology of phyto- 
plankton should not be abandoned. We suggest 
that relating the space-based estimates to in situ 
measurements of chlorophyll fluorescence life- 
times will provide a pathway to understanding 
photobiological energy utilization and dissipa- 
tion processes on a global scale. For example, 
the maximal average photochemical energy con- 
version efficiency (op) at night in the global ocean, 
obtained simultaneously with our lifetime mea- 
surements, is 0.35 + 0.11 (fig. S2). Given an av- 
erage nighttime lifetime of 1.13 ns (Fig. 2), we 
deduce that thermal energy dissipation accounts 
for ~60% of the photosynthetically active quanta 
absorbed by phytoplankton globally. In contrast, 
under optimal growth conditions in the labora- 
tory, an average phytoplankton cell uses ~65% of 
the absorbed quanta for photochemistry and 
dissipates <35% as heat. The fact that thermal 
dissipation of absorbed quanta by phytoplank- 
ton in the upper ocean is so high strongly implies 
that a large fraction of cells have impaired or 
nonfunctional PSII reaction centers and/or un- 
coupled photosynthetic antennae. We conclude 
that, although photochemical energy conversion 
to biomass in the oceans accounts for half of the 
global carbon fixed per annum, the overall en- 
ergy conversion efficiency is relatively low and is 
limited by nutrient supply. 
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NEURAL CIRCUITS 


Inhibition protects acquired song 
segments during vocal learning in 


zebra finches 


Daniela Vallentin,”?* Georg Kosche,”?* Dina Lipkind,® Michael A. Long”?+ 


Vocal imitation involves incorporating instructive auditory information into relevant 
motor circuits through processes that are poorly understood. In zebra finches, we found 
that exposure to a tutor’s song drives spiking activity within premotor neurons in the 
juvenile, whereas inhibition suppresses such responses upon learning in adulthood. We 
measured inhibitory currents evoked by the tutor song throughout development while 
simultaneously quantifying each bird’s learning trajectory. Surprisingly, we found that the 
maturation of synaptic inhibition onto premotor neurons is correlated with learning but 
not age. We used synthetic tutoring to demonstrate that inhibition is selective for specific 
song elements that have already been learned and not those still in refinement. Our results 
suggest that structured inhibition plays a crucial role during song acquisition, enabling a 


piece-by-piece mastery of complex tasks. 


umans (7) and several other animal spe- 
cies (2-4) learn motor sequences by imita- 
tion. In the observer, a sensory percept 
must inform relevant motor circuits in- 
volved in the generation of the target 
behavior, but little is known about the neural 
mechanisms underlying this process. We address 
this issue in the male zebra finch, which acquires 
its courtship song by listening to (movie S1) (5) and 
imitating (6-9) a tutor. The forebrain nucleus HVC 
acts as an important sensorimotor interface be- 
cause it receives direct connections from higher- 
order auditory centers (0-12) and generates com- 
mands essential for song production (13-15). 
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In the juvenile zebra finch, tutor song exposure 
influences structural plasticity within HVC (16), a 
process that is thought to be crucial for song 
imitation (17). The tutor song has also been shown 
to drive network activity within HVC (78), but the 
responses of individual HVC premotor neurons 
during observational learning had not yet been 
explored. 

We performed intracellular recordings in iden- 
tified HVC neurons projecting to the robust nu- 
cleus of the arcopallium (RA) of 10 awake juvenile 
zebra finches during exposure to their tutor song. 
In 13 out of 29 of these HVC premotor neurons, 
tutor song playback caused spiking activity 
(Fig. 1, A to C). In those neurons, the timing of 
the evoked spikes was often highly precise across 
trials (see supplementary materials), demonstrat- 
ing that exposure to the tutor song is sufficient to 
drive patterned spiking activity within HVC and 
may serve an instructive role for the developing 
HVC premotor circuit. We also observed reliably 
timed tutor-evoked spiking in RA (18 neurons in 
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three birds) (fig. S1) that was presumably driven 
by HVC. In contrast, tutor song playback did not 
evoke a suprathreshold response in HVC pre- 
motor neurons of awake adult zebra finches (Fig. 
1D, 0 of 24 cells in seven birds) and had only a 
minimal impact on subthreshold activity in those 
neurons (Fig. 1, D to F). 

To directly investigate sensory-evoked synap- 
tic events in HVC premotor neurons in awake 
zebra finches, we used in vivo whole-cell voltage 
clamp recordings (fig. S2). Using a fluorescent 
retrograde tracer injected into RA, we targeted 
HVC premotor neurons with two-photon micros- 
copy guidance. In both juveniles (25 cells in 7 birds) 
and adults (15 cells in 5 birds), excitatory events 
could be evoked by the tutor song (fig. $3); this 
suggests that the observed lack of spiking in 
the adult bird is not explained by a decrease in 
the strength of sensory afferents from auditory 
projections to HVC. Our results seemed incon- 
sistent with previous findings in which HVC pro- 
jection neuron spiking could be reliably driven by 
song playback in urethane-anesthetized adult 
zebra finches (19). Because urethane has been 
shown to act as an antagonist for GABAergic 
transmission (20), we reasoned that synaptic in- 
hibition might suppress tutor song-evoked exci- 
tation in HVC of awake adult zebra finches. To 
test that hypothesis, we locally infused a GABA, 
antagonist (gabazine) and recorded HVC pre- 
motor neurons during tutor song exposure in 
adults (Fig. 1G). Once local inhibition was at- 
tenuated, HVC premotor neurons exhibited tutor 
song-evoked patterned spiking responses (Fig. 1, 
G to I) similar to that seen in juvenile zebra 
finches (Fig. 1, A to C). This finding indicates that 
inhibition can effectively silence sensory inputs 


Fig. 1. Responses of HVC pre- 
motor neurons to the tutor 
song are developmentally sup- 
pressed. (A) Example intra- 
cellular recording from an HVC 
premotor neuron in an awake 
juvenile zebra finch during tutor 
song presentation (sonogram 
frequency: 0.5 to 7.5 kHz). Below 
is a spike raster plot showing 
seven repetitions from the same 
neuron; the shaded region indi- 
cates the time of tutor song 
exposure with an additional 

50 ms after the end of the song. 
(B) Firing rate of HVC premotor 
neuron firing in juvenile zebra 
finches [silence, 1.7 + 2.7 Hz; 
tutor, 2.1 + 3.3 Hz; P = 0.114, 
repeated-measures analysis 


Premotor 
neuron 


Firing rate (Hz) 0 _. Trial 
o +h @ ] 


of variance (ANOVA)]. (C) Spiking precision (see materials and methods) of 
HVC premotor neuron firing in juvenile zebra finches (silence, 0.0 + 1.1; tutor, 
3.0 + 1.2; P = 0.007, repeated-measures ANOVA). (D) Example HVC pre- 
motor neuron recording in an awake adult bird during tutor song presen- 
tation, with spike raster below. (E) Membrane potential variance of HVC 
premotor neurons was greater in juveniles (5.8 + 5.3 mV°) than in adults (2.3 + 
1.6 mV?) (P = 0.004, Wilcoxon rank sum test); the shaded region denotes the 
95% confidence interval. (F) Subthreshold precision in HVC premotor neurons 
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onto HVC premotor neurons in the adult zebra 
finch. 

Local circuit interneurons are likely to be the 
sole source of inhibition in HVC (20, and they 
exhibit song selective auditory responses in the 
awake adult zebra finch (22, 23). Thus, the lack of 
a tutor song response in HVC premotor neurons 
in adulthood may be due to a stronger recruit- 
ment of the inhibitory network. To address this 
idea, we performed juxtacellular recordings of 
HVC interneurons during tutor song presenta- 
tion in both juvenile (34 cells in 10 birds) and 
adult (15 cells in 4 birds) zebra finches (Fig. 2, A 
to D). Across all ages tested, interneurons in- 
creased their spiking activity to tutor song play- 
back relative to a silent baseline period (fig. $4), 
and we observed that the tutor song could evoke 
precise spiking activity in some cases (Fig. 2B). 
When considering all data across both juvenile 
and adult zebra finches, however, we noticed no 
consistent age-related difference in the regularity 
of interneuron firing across trials (Fig. 2C). Be- 
cause the song learning process has been shown 
to be highly variable across individuals (6) (fig. 
S5), we reexamined our database on the similar- 
ity of recent song recordings from each bird to 
the tutor song. We found that interneuron firing 
precision in response to the tutor song tended to 
correlate with the extent of acoustic similarity to 
that song (Fig. 2D). 

Because HVC interneurons densely intercon- 
nect with HVC premotor neurons (24, 25), they 
are well poised to directly inhibit HVC premotor 
neurons during tutor song presentation. Using 
two-photon targeted voltage-clamp recordings in 
awake birds, we found that inhibitory currents 
onto HVC premotor neurons were often reliably 


Tutor song 


measures ANOVA). 


evoked by tutor song playback (Fig. 2, Eto H, and 
fig. S6). Consistent with our results concerning 
HVC interneuron firing, we found no evidence 
for an age-related change in the regularity or 
strength of tutor song-evoked inhibition onto 
HVC premotor neurons (fig. $7). Additionally, 
we found no age-related change in the amplitude 
or frequency of spontaneous inhibitory events 
(fig. S8) and a developmental decrease in the 
amount of current needed to hold premotor 
neurons at 0 mV, which could reflect a down- 
regulation of tonic inhibition. However, in both 
juvenile and adult zebra finches, we found that 
the inhibitory charge, event frequency and ampli- 
tude, and regularity of inhibition across trials 
were significantly correlated with song imitation 
accuracy (Fig. 2, E to L, and fig. S6). These results 
demonstrate that the maturation of sensory-evoked 
inhibition in HVC matches the bird’s learning 
progress rather than its developmental stage. 
What function might this inhibition serve? We 
hypothesized that precisely timed inhibition in 
HVC could selectively target portions of the song 
that have been adequately learned, thereby sup- 
pressing the effect of sensory inputs on premotor 
neurons during those times and preventing fur- 
ther plasticity in motor output. We tested two 
predictions stemming from this idea. One predic- 
tion is that all premotor neurons should receive 
the inhibitory signal synchronously, which would 
allow for robust suppression of sensory inputs on 
the entire premotor system. A second prediction 
is that the global inhibitory signal should vary in 
strength as a function of how well each segment 
of the song has been learned, with stronger in- 
hibition associated with better-learned segments. 
To test the first prediction, we considered 11 cases 
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was greater in juveniles (0.16 + 0.14) than in adults (0.08 + 0.06) (P = 0.025, 
Wilcoxon rank sum test). (G) Tutor song responses from an HVC premotor 
neuron in an awake adult bird after local gabazine infusion (0.01 mM). (H) Firing 
rate during silence (3.6 + 5.8 Hz) and during tutor song presentation (4.6 + 
8.2 Hz) (n = 14 neurons; P < 0.001, repeated-measures ANOVA) after local 
gabazine infusion. (1) Spiking precision was greater during the tutor song pre- 
sentation (2.7 + 2.5) than during silence (—0.1 + 0.9) (P = 0.016, repeated- 
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in which multiple HVC premotor neurons (mean: 
3.5 + 1.3 neurons per bird) were recorded in the 
same bird (Fig. 3A). We found that tutor song- 
evoked inhibition was often highly correlated 
across neurons (Fig. 3B), and this effect was 
monotonically related to the degree of learning 
(Fig. 3D). The excitatory current profiles, how- 
ever, seemed to be unique for each neuron (Fig. 
3C) and did not significantly change with song 


Tutor song — HVC interneuron 
Actus? (154 cqaty 


A Juvenile 1 (60 dph) 


Trial 


learning (Fig. 3E). Our results are consistent with 
a global entrainment of a motor circuit by an in- 
hibitory network whose coherent song respon- 
siveness may effectively suppress certain segments 
of the tutor song in a learning-dependent manner. 

Zebra finches often learn individual song ele- 
ments in series, focusing on specific passages at 
certain times (7). To test the second prediction of 
our model—that local inhibition in HVC is ac- 
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curately targeting the syllables of the tutor song 
that the zebra finch had learned—we used a pre- 
viously established method for controlling the 
learning process of individual song syllables 
(7, 26). Zebra finches were first trained using a 
synthetic tutor that produced four concatenated 
copies of a single syllable “A” (Fig. 4A). Once the 
song “AAAA” was learned, the tutoring paradigm 
was altered to introduce an additional syllable 


Fig. 2. Tutor song—evoked inhibition strength- 
ens and sharpens with improved song perform- 
ance. (A and B) Awake spiking activity of example 
HVC interneurons recorded in a juvenile (A) and 
an adult (B) bird during silence and tutor song 
presentation dph, days post-hatch. (C) Across 
the population, the precision of HVC interneuron 
firing did not differ between juveniles (3.8 + 4.0 Hz) 
and adults (2.9 + 1.7 Hz) (P = 0.51, Wilcoxon rank 
sum test). (D) Spiking precision of HVC interneu- 
rons depending on performance (P = 0.056, linear 
mixed-effect model). The solid circles and colored 
crosses represent data shown in the examples to 
the left. (E and F) Awake voltage-clamp recordings 
of inhibitory currents onto two HVC premotor neu- 
rons (images at top; scale bar, 10 um) in response 
to a tutor song. For each cell, five single sweeps 
are presented as well as an average. The dotted 
ine represents the distance from baseline (O pA). 
G and H) Amplitude histograms of detected in- 
hibitory events during silence (black) and tutor song 
gray) for juveniles 1 (G) and 2 (H). Mean of the am- 
plitude distribution is indicated as a dashed vertical 
ine. (I to L) Changes in tutor song-evoked inhi- 
bition onto HVC premotor neurons as a function of 
performance. Increasing similarity to the tutor song 
is associated with an increase (P < 0.01, linear 
mixed-effect model) in the inhibitory charge (1), 
amplitude (J), and frequency (K) of inhibitory 
events, and in the precision of inhibition across 
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Fig. 3. Learning is associated with synchronous network inhibi- 
D tion. (A) Recording schematic and two-photon images of four re- 
corded HVC premotor neurons in the same zebra finch. Scale bar, 10 um. 
(B and C) Average inhibitory (B) and excitatory (C) current traces of pre- 
motor neurons shown in (A) during tutor song presentation. (D) Regularity 
of tutor song—evoked inhibitory currents across different neurons within 
one bird significantly increases with learning (P < 0.05, Pearson linear 
correlation). The solid circles represent data shown in the examples to 
the left. (E) Regularity of tutor song—evoked excitatory currents across 
different neurons within one bird does not significantly change depend- 
ing on performance (P = 0.35, Pearson linear correlation). 
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“B.” Juvenile finches can eventually copy the new 
song “ABAB” (Fig. 4A), which leads to two dis- 
tinct learning phases: an early learning phase in 
which “A” is performed well and “B” is performed 
poorly (Fig. 4, B and C), followed by a later 
learning phase in which both “A” and “B” are 
performed well (Fig. 4, D and E). We could ex- 
ploit this artificially induced learning trajectory 
to address whether inhibition can be specifically 
directed toward portions of the song that have 
already been learned. In the early learning phase, 
when juveniles could perform syllable “A” well 
and not “B,” interneuron firing (Fig. 4F) as well 
as inhibitory currents onto HVC premotor neu- 
rons (Fig. 4G) preferentially targeted the learned 
syllable (Fig. 4, H and I). Zebra finches at the 
later learning stage, which produced a good copy 
of both “A” and “B,” showed equivalent inter- 
neuron firing and synaptic inhibition across both 
syllable types (Fig. 4, J to M). In contrast, exci- 
tatory currents did not change their relative tim- 
ing across learning conditions (fig. S9). 

Our results show that the activity of a motor 
circuit can be directly driven by sensory afferents 
during song learning. Specifically, exposure to 
the tutor song can elicit precise spiking in HVC 
premotor neurons of the juvenile bird (fig. SIOA). 
This result is reminiscent of the “mirroring” pre- 
viously observed in mammalian motor systems 
(27) as well as in other songbird species (28) in 
which motor neurons respond to actions that are 
observed in others, but the temporal similarity 
between the tutor song-evoked firing patterns 
and singing-related activity in individual HVC neu- 
rons of the juvenile remains unknown. 

A previous experiment (77) demonstrated the 
necessity of tutor song-dependent HVC dynam- 
ics during vocal learning. In that study, juvenile 
zebra finches were unable to imitate the tutor 
when HVC activity was optogenetically scrambled 
during the presentation of the tutor song. These 
results are consistent with the idea that precise 
sensory-driven activity may have a pivotal role in 
establishing song-related premotor sequences. 

We demonstrated a loss of auditory respon- 
siveness in HVC of the adult bird, but we were 
able to use GABA antagonists to unmask tutor 
song-evoked spiking, thereby highlighting the 
role of inhibition in the suppression of these 
responses. Auditory-evoked responses were sup- 
pressed in all adults, even those that poorly 
copied the tutor song, indicating that the phasic 
inhibitory currents that are central to this study 
are not the only factor mediating this phenom- 
enon. We did not find an age-related increase 
in tonic inhibition, which could have explained 
these results. Future studies could investigate the 
role of other developmentally regulated factors, 
such as intrinsic neuronal properties or chloride 
reversal potential, that could contribute to the 
further suppression of sensory inputs during 
development. 

We also found that inhibition during song 
learning can precisely target specific portions of 
the song that have already been mastered (fig. 
S10B). As a result, certain components of the 
HVC sequence representing unlearned aspects 
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of the song may be left “exposed” to the influence 
of the incoming auditory stream. These neurons 
may then fire in a patterned way in response to 
the tutor song until an appropriate behavior is 
established. After the song has been learned com- 
pletely, inhibition can shield HVC premotor neu- 
rons from the impact of the tutor song (fig. S10C). 
We do not yet understand the mechanisms that 
compare the current song performance to the 
tutor song and then transform this information 


Fig. 4. Inhibition 
accurately targets 
learned portions of 
the tutor song. 

(A) Schematic of the 
training procedure. 
(B) Example syllables 
produced by a juvenile 
during an early 
learning phase in 
which syllable A is 
copied with 82.5% 
similarity and syllable 
B is copied with 48.8% 
similarity. (C) Syllable 
performance for eight 
individuals in their 
early learning stage 
singing a good copy of 
A (779 + 4.7% simi- 
larity) and a poor copy 
of B (42.2 + 7.6% sim- 
ilarity). (D) Example 
syllables produced by 
a juvenile during a late 
learning phase in 
which both syllable A 
and B are copied well 
(85.7% and 88.9% 
similarity, respec- 
tively). (E) Syllable 
performance for four 
individual adults in 
their final learning 
stage singing a good 
copy of A (84.6 +19% 
similarity) and B 

(89.7 = 2.2% similar- 
ity). (F and G) HVC 
interneuron activity 
(F) and inhibitory cur- 
rents onto an HVC 
premotor neuron (G) 
during ABAB presen- 


into a change in inhibition throughout learning. 
This process is likely to be primarily mediated 
through an increase in the regularity of inhib- 
itory neuron firing across trials, which is driven 
from inputs from higher-order auditory centers 
(10-12). 

In sensory systems, inhibitory network matu- 
ration can result in the closure of critical periods 
(29). However, this procedure is strongly depen- 
dent on the developmental stage of the animal, 


00 
80 
60 ° 
of, 
20 

ie) 


0 20 40 60 80100 
% Inhibition A 


tation recorded in two juvenile zebra finches performing a good copy of A (similarity: 75.6% and 84.6%, 
respectively) and a poor copy of B (similarity: 36.0% and 44.7%). The red and blue horizontal lines 
represent periods in which either the interneuron firing rate or HVC premotor neuron inhibition exceeds a 
95% confidence interval. (H and I) Percentage of time that interneuron firing rates (n = 18 cells) (H) or HVC 
premotor inhibition (n = 10 cells) (I) exceeded the 95% confidence interval threshold across a population 
of four and five birds, respectively, that copied syllable A well and B poorly. (J and K) HVC interneuron 
activity (J) and HVC premotor neuron inhibition (K) during ABAB presentation recorded in a juvenile zebra 
finch performing a good copy of syllables A (similarity: 85.7% and 79.8%) and B (similarity: 88.9% and 
94.9%). (L and M) Percentage of time that interneuron firing rates (n = 14 cells) (L) or HVC premotor 
inhibitory current amplitudes (n = 8 cells) (M) exceeded the 95% confidence interval threshold in two 


birds, respectively, that copied syllables A and B well. 
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whereas the inhibitory network changes observed 
in HVC are correlated not with age but with song 
performance (fig. S10C). Additionally, because the 
extent of tutor imitation is variable across birds 
and even within the span of a single bird’s song, 
the maturation of HVC inhibition proceeds in a 
self-directed, nonuniform manner. This stands in 
stark contrast to sensory systems, where inhibi- 
tory maturation primarily relies on external fac- 
tors such as visual experience (30-32). Despite 
these differences, our findings offer the opportu- 
nity to potentially enable latent afferent streams 
to engage with motor circuits through the manipu- 
lation of local inhibition. Using this approach, we 
may help to extend (29) or reopen critical periods 
(33) in order to rebuild or refine skilled behaviors 
throughout life. 
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MUSCLE PHYSIOLOGY 


A peptide encoded by a transcript 
annotated as long noncoding RNA 
enhances SERCA activity in muscle 
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Muscle contraction depends on release of Ca** from the sarcoplasmic reticulum (SR) 
and reuptake by the Ca**adenosine triphosphatase SERCA. We discovered a putative 
muscle-specific long noncoding RNA that encodes a peptide of 34 amino acids and that 
we named dwarf open reading frame (DWORF). DWORF localizes to the SR membrane, 
where it enhances SERCA activity by displacing the SERCA inhibitors, phospholamban, 
sarcolipin, and myoregulin. In mice, overexpression of DWORF in cardiomyocytes increases 
peak Ca** transient amplitude and SR Ca** load while reducing the time constant of 
cytosolic Ca** decay during each cycle of contraction-relaxation. Conversely, slow skeletal 
muscle lacking DWORF exhibits delayed Ca?* clearance and relaxation and reduced SERCA 
activity. DWORF is the only endogenous peptide known to activate the SERCA pump by 
physical interaction and provides a means for enhancing muscle contractility. 


ntracellular Ca?* cycling is vitally important 
to the function of striated muscles and is al- 
tered in many muscle diseases. Upon electrical 
stimulation of the myocyte plasma membrane, 
Ca?* is released from the sarcoplasmic retic- 
ulum (SR) and binds to the contractile apparatus 
triggering muscle contraction (J). Relaxation oc- 
curs as Ca”* is pumped back into the SR by the 
sarco-endoplasmic reticulum Ca”* adenosine tri- 
phosphatase (SERCA). SERCA activity is inhibited 
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by the small transmembrane peptides phospho- 
lamban (PLN), sarcolipin (SLN), and myoregulin 
(MLN; also known as MRLN) in vertebrates and 
by sarcolamban A and B (sclA and scIB) in in- 
vertebrates, which diminish sarcoplasmic retic- 
ulum (SR) Ca?* uptake and myocyte contractility 
(2-7). 

Recently, we discovered the small open read- 
ing frame (ORF) of MLN within a transcript an- 
notated as a long noncoding RNA (IncRNA) (4). 
We hypothesized that a subset of transcripts cur- 
rently annotated as IncRNAs may encode small 
proteins that have evaded annotation efforts, a 
notion supported by recent proteomic analyses 
(8-10). To identify potential peptides, we searched 
presumably noncoding RNA transcripts for hy- 
pothetical ORFs using PhyloCSF; this method 
uses codon substitution frequencies (77). From 
these transcripts, we discovered a previously unrec- 
ognized ORF of 34 codons within a muscle-specific 
transcript, which we call dwarf open reading 
frame (Dworf) (fig. S1). The Dworf RNA tran- 
script is annotated as NONCODE IncRNA gene 
NONMMUG026737 (12) in mice and IncRNA 
LOC100507537 in the University of California, 
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Santa Cruz, human genome (fig. S2A). With only 
34 codons, DWORF is currently the third smallest 
full-length protein known to be encoded by the 
mouse genome. 

The murine Dworf transcript is encoded in 
three exons on chromosome 3 (fig. S2A). The ORF 
begins in exon 1, which encodes the first four 
amino acids of the protein, and the remaining 


protein is encoded in exon 2. Use of alternative 
splice acceptors between exons 1 and 2 produces 
two transcripts that differ by a three-nucleotide 
insertion. The ORF is conserved to lamprey, the 
most distant vertebrate genome available (fig. 
S2B), and scores positively with PhyloCSF (fig. 
$2C). The C terminus is hydrophobic and is pre- 
dicted to encode a tail-anchored transmembrane 


peptide (13-15). The N terminus is less stringent- 
ly conserved, but most sequences contain multiple 
charged residues (primarily lysine and aspartic 
acid) in this region. Unless otherwise noted, fur- 
ther studies focused on the murine homolog of 
DWORF. 

Northern blot analysis showed that the mRNA 
transcript is robustly expressed in the heart (Fig. 1A). 


Fig. 1. Muscle-specific expression of the DWORF A 
peptide. (A) Northern blot of adult mouse tissues show- 
ing Dworf RNA expression. (B) Western blot of adult 
mouse tissues with the DWORF-specific antibody reveals 
a single band at the predicted size of 3.8 kD. Quad, quad- 
riceps; G/P, gastrocnemius/plantaris; TA, tibialis anterior; 
EDL, extensor digitorum longus. (C) Detection of Dworf 
RNA by qRT-PCR in 6-month-old WT and aMHC-CnA 
mice. Mean + SEM; WT, n = 4; Tg, n = 5. (D) Western blot 
analysis of heart homogenates from WT and aMHC- 
calcineurin mice immunoblotted with DWORF-specific 
antibody. (E) qRT-PCR analysis of human ischemic heart 
failure tissue showing reduced DWORF mRNA in failing 
hearts, whereas atrial natriuretic peptide (NPPA) is sig- 
nificantly increased. Means + SEM; nonfailing, n = 8; 
failing, n = 8. 
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Fig. 2. SR localization and association of DWORF with SERCA. (A) Two-photon 
scanning confocal microscopy of the flexor digitorum brevis muscle of adult 
mice after in vivo electroporation of plasmids encoding GFP-DWORF, GFP-PLN, 
or GFP-SLN indicates that DWORF localization closely resembles that of SR 
proteins PLN and SLN (M, M-line; Z, Z-line; scale bar, 5 um). (B) Colocalization 
of GFP-DWORF and mCherry-SERCA in transfected COS7 cells (scale bar, 5 um). 
(C) Coimmunoprecipitation experiments in transfected COS7 cells using GFP- 
DWORF and Myc-tagged SERCA isoforms. IP immunoprecipitation. (D) Immuno- 
precipitation of Myc-SERCA from lysates of COS7 cells transfected with equal 
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amounts of HA-DWORF, -PLN, -SLN, or -MLN and Myc-SERCA with fivefold overexpression of either GFP or GFP-DWORF. Coexpression of GFP-DWORF reduced 
the pull-down of HA-tagged peptides in association with SERCA, which indicated that DWORF binding to SERCA excludes binding of PLN, SLN, or MLN. 
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By quantitative reverse transcription polymerase 
chain reaction (qRT-PCR), Dworf RNA was also 
detected in heart and soleus, a postural muscle 
group of the hindlimb containing the greatest 
enrichment of slow-twitch muscle fibers in mice 
(fig. S3A), as well as diaphragm, which contains 
some slow-twitch fibers but is primarily a fast- 
twitch muscle in mice (16, 17). Notably, Dworf 
was not detected in the quadriceps, a fast-twitch 
muscle group, or in cardiac atrial muscle. Dworf 
is not expressed in the prenatal heart but 
gradually increases in abundance postnatally 
(fig. S3B). 

Cloning of the Dwor7f 5’ untranslated region in 
frame with an ORF lacking a start codon ef- 
ficiently initiates translation of the ORF (fig. $4). 
To further confirm that the transcript encodes a 
protein, we raised a polyclonal rabbit antibody 
against the N-terminal 12 amino acids of the 
predicted protein. Western blotting revealed a 
single band at the expected molecular mass of 
3.8 kD in soleus and heart but not in other tis- 
sues (Fig. 1B). 

Given its abundance in heart tissue, we exam- 
ined whether Dworf mRNA or protein expres- 
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sion changes in response to pathological cardiac 
signaling. Indeed, in mice bearing a cardiac- 
specific ~-myosin heavy chain (aMHC) promo- 
ter driven calcineurin transgene, which serve 
as a model of hypertrophic heart disease that 
progresses to dilated cardiomyopathy by 6 months 
of age (18), Dworf mRNA was down-regulated in 
dilated transgenic hearts of 6-month-old mice 
(Fig. 1C). Notably, DWORF protein was more 
dramatically down-regulated than the mRNA in 
these hearts (Fig. ID). DWORF mRNA was also 
down-regulated in ischemic failing human hearts, 
which potentially links changes in DWORF expres- 
sion with human heart failure (Fig. 1). 

We investigated the subcellular distribution 
of DWORF in skeletal muscle fibers by elec- 
troporation of a green fluorescent protein 
(GFP)-DWORF expression vector into the flexor 
digitorum brevis muscle of the mouse foot (19). 
Multiphoton excitation microscopy to simultane- 
ously visualize GFP and myosin (using second 
harmonic generation) showed that GFP-DWORF 
localizes in an alternating pattern with myosin 
(Fig. 2A), a distribution consistent with the lo- 
cation of the SR. GFP-SLN and GFP-PLN were 


Caffeine, 10s 


Caffeine, 10s 
KO 
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individually expressed in the flexor digitorum 
brevis muscle for comparison. The apparent co- 
localization of GFP-DWORF, GFP-SLN, and 
GFP-PLN was striking, including transverse 
and lengthwise striations typical of SR. The sub- 
cellular distribution of GFP-DWORF in transfected 
COS7 cells also overlaps with that of mCherry- 
SERCAI in the endoplasmic reticulum (ER) and 
perinuclear regions (Fig. 2B). 

Because GFP-DWORF colocalizes to the SR 
with SERCA, we tested whether the two proteins 
physically interact. COS7 cells were cotransfected 
with GFP or GFP-DWORF and Myc-tagged SERCA1, 
2a, 2b, 3a, or 3b. Immunoprecipitation with a 
GFP antibody coprecipitated GFP-DWORF with 
all isoforms of SERCA but did not pull down SERCA 
in GFP transfected samples lacking DWORF (Fig. 
2C). We next examined whether coexpression 
of DWORF with SERCA would affect complex 
formation between SERCA and PLN, SLN, or MLN. 
Indeed, we observed a reduction in the binding 
of hemagglutinin (HA) epitope-tagged peptides 
HA-PLN, -SLN, and -MLN with SERCA when 
coexpressed with GFP-DWORF (Fig. 2D and fig. 
85), which suggested that binding of DWORF 


Fig. 3. Consequences of DWORF gain and loss of function. 
A) A CRISPR gRNA was generated to target the coding se- 
quence of exon 2. An allele containing a 2-bp insertion was 
chosen for further experiments. The mutation is expected to 
produce a truncated protein lacking the transmembrane do- 
main. (B) Western blot showing the absence of DWORF protein 
in the cardiac ventricle and soleus muscle of Dworf KO mice. 
C) Representative Ca** transients and SR load measure- 
ments recorded in fluo-4—loaded cardiomyocytes from WT, 
oMHC-DWORF (Tg), and Dworf KO mice. (D) Mean amplitude 
of pacing-induced Ca** transients in fluo-4-loaded cardio- 
myocytes from WT, Tg, and KO mice and caffeine-induced Ca** 
transients triggered by rapid application of 10 mM caffeine to 
quantify SR load. Ca®* signal is shown as fluorescence ratio 
(F/Fo) with the fluorescence intensity (F) normalized to the 


minimal intensity measured between 0.5 Hz contractions at 
diastolic phase (Fo). P < 0.05, n = 6. (E) Average decay-time 
constants (Tau) of pacing-induced Ca** transients in WT, Tg, 
and Dworf KO cardiomyocytes measured by fitting a single 
* exponential to the Ca** transient decay trace. This parameter 
is indicative of SERCA activity. P < 0.05, n = 8. (F) Isometric 
force was measured from soleus muscles mounted ex vivo 
and stimulated by 0.2-ms current pulses applied at a range of 
frequencies. (Left) Force decay was slower in Dworf KO muscles 
(arrow) after fully fused tetanic contractions as shown for 90 Hz 
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(inset). (Right) Slower relaxation for Dworf KO muscles oc- 


curred for stimulus frequencies sufficient to produce twitch 
fusion (>20 Hz); however, unfused twitches at low frequency 
showed no difference in relaxation rates. P < 0.05,n = 6. 
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and PLN, SLN, or MLN to SERCA is mutually 
exclusive. We mutated residues on the M6 
transmembrane helix of SERCAI, which are known 
to interact with PLN, and performed pull-down 
experiments (20). We observed a reduction in 
SERCA interaction with GFP-DWORF compa- 
rable to that of GFP-PLN, which suggested that 
both peptides bind to similar regions of the 
SERCA pump (fig. S6) (20). Coexpression of Myc- 
SERCA2a with various ratios of GFP-DWORF 
and GFP-PLN followed by immunoprecipitation 
with Myc-specific antibody (anti-Myc) and immu- 
noblotting with GFP-specific antibody indicated 
that DWORF and PLN have similar binding af- 
finities for SERCA (fig. S7). 

To assess the functions of DWORF in vivo, we 
generated mouse models of gain and loss of func- 
tion. DWORF overexpression in the heart was 
achieved by expressing untagged DWORF under 
the control of the cardiomyocyte-specific oMHC 
promoter in transgenic mice. Two transgenic (Tg) 
founders that overexpressed the protein were se- 
lected for further studies. Other proteins involved 
in Ca?* handling were largely unaffected in these 
transgenic mice (figs. S8 and S9). 

We used the CRISPR/Cas9 system to disrupt 
the coding frame of Dworf in mice. A single- 
guide RNA (gRNA) was designed to target the 
coding sequence of exon 2 before the transmem- 
brane region (Fig. 3A). Original generation Fy pups 
were screened for indels, and a founder with a 2- 
base pair (2-bp) insertion that disrupts the ORF 
after codon 16 was chosen for further analysis. 
Heterozygous Dworf knockout (KO) mice yielded 
homozygous mutant offspring at expected Men- 
delian ratios. Western blots of ventricular and so- 
leus muscle probed with DWORF-specific antibody 
showed that the DWORF protein was eliminated 


in muscle tissues of homozygous mutant mice 
(Fig. 3B). To our surprise, the Dworf transcript 
was up-regulated about fourfold in the DworfKO 
tissue (fig. S1IOA), which suggested a potential 
feedback mechanism to enhance Dworf expres- 
sion. Several notable RNA transcripts were not 
changed in Dworf KO mice, including those 
encoding the Ca*-handling proteins SERCA2 and 
PLN and the cardiac stress markers Myh7 and 
atrial natriuretic peptide (Vppa). Western blot 
analysis of heart (fig. S10B) and soleus muscle 
(fig. S10C) homogenates revealed no detectable 
changes in protein expression level, phosphoryl- 
ation state (fig. S11), or oligomerization of major 
Ca?*-handling proteins. 

We examined whether Ca* flux was altered in 
adult cardiomyocytes from wild-type (WT), aMHC- 
DWORF Tg, and Dworf KO mice using the fluo- 
rescent Ca”* indicator dye, fluo-4. Isolated car- 
diomyocytes were loaded with fluo-4, mounted 
on a temperature-controlled perfusion chamber, 
and electrically stimulated at 0.5 Hz to initiate 
intracellular Ca?* transients, which were moni- 
tored by epifluorescence. Peak systolic Ca”* tran- 
sient amplitude and SR Ca”* load were significantly 
increased in Tg myocytes (Fig. 3, C and D). The 
pacing-induced Ca?* transient decay rate was 
significantly enhanced in the Tg myocytes of 
both oMHC-DWORKF Tg lines (Fig. 3E and fig. 
$12), which suggested that SERCA is more active 
in these cells (i.e., has a lower tau value). The 
decay rate of caffeine-induced Ca”* transients was 
unchanged in Tg myocytes, which indicates that 
the activity of the Na*/Ca?* exchanger (NCX) is 
not altered (fig. S1ZA). Tg myocytes had higher 
baseline measurements of contractility—as mea- 
sured by fractional shortening, peak Ca”* transient 
amplitude, and Ca?* transient decay rate—and 


responded less to B-adrenergic stimulation by 
isoproterenol, likely because they function at 
close to maximally active levels under baseline 
conditions (figs. S12 and S13, and table S1). In 
the absence of increased protein abundance of 
SERCA or changes in other known Ca?* handling 
proteins, these findings indicate that SERCA 
activity is increased in muscle cells overexpress- 
ing DWORF. 

The effect of Dworf ablation on skeletal muscle 
contractile function was assessed by measuring 
twitch force at multiple stimulation frequencies 
in isolated soleus muscles from WT and KO mice 
(21). We did not observe significant differences in 
peak muscle force between genotypes and saw 
no differences in relaxation rates at low, non- 
tetanic stimulation frequencies; however, at 
tetanus-inducing frequencies, relaxation rates 
were significantly slowed in Dworf KO muscles 
after tetanus (Fig. 3F). The effect on posttetanic 
relaxation times may suggest that Dworf ex- 
pression is particularly beneficial for recovery 
from periods of prolonged contraction and Ca?* 
release. 

Oxalate-supported Ca?*-dependent Ca*-uptake 
measurements in muscle homogenates provide a 
direct quantification of SERCA enzymatic activ- 
ity (21, 22). We used this technique to measure 
SERCA activity in hearts of WT, Tg, and KO mice. 
Hearts overexpressing DWORF showed an 
apparent increase in SERCA activity at lower 
concentrations of Ca?* substrate in both of our 
transgenic lines quantified as a higher affinity of 
SERCA for Ca?* (reduction in Kc,), and Dworf 
KO hearts exhibited a less obvious, but still 
significant, decrease in the affinity of SERCA for 
Ca?*, as indicated by an increase in Kc, (Fig. 4A, 
fig. S14A, and table S2) We did not observe 


Relaxation 


Fig. 4. Effect of DWORF on SERCA activity measured in Ca**-dependent 
Ca?*-uptake assays and working model. (A) Ca°*-dependent Ca**-uptake 
assays were performed using total homogenates from hearts of WT, aMHC- 
DWORF (Tg), and Dworf KO mice to directly measure SERCA affinity for Ca** 
50 (Kea) and SERCA activity. Mean Kc, values from n = 8 hearts of each genotype 


(bar graphs). P < 0.05. (B) Ca**-dependent Ca**-uptake assays were performed 
0 using total homogenates from soleus muscles of WT and Dworf KO mice. Mean 


Kea values from mice of each genotype (bar graphs). P< 0.05, n= 8. (C) Working 
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changes in the maximal rate of Ca?* pump activity 
(Vmax) in any of our genotypes (table S2). Because 
DWORF is most abundant in the slow-twitch 
soleus muscle group, we also measured SERCA 
activity in soleus homogenates from WT and KO 
mice and used quadriceps muscles as a control, 
because DWORF is not expressed in this muscle 
group. Analysis of homogenates from the soleus 
muscle of Dworf KO mice revealed a decreased 
apparent affinity of SERCA for Ca?* as compared 
with homogenates from WT muscles (Fig. 4B 
and table S3). These differences were not ob- 
served in quadriceps muscle (figs. S14B and 
table S4). 

To determine whether DWORF directly acti- 
vates SERCA or does so through displacement of 
its endogenous inhibitors, we cotransfected COS7 
cells with SERCA2a and DWORF in the presence 
or absence of PLN, SLN, and MLN (4). We found 
that coexpression of DWORF alone with SER- 
CA2a did not change the apparent affinity of 
SERCA for Ca?*, but it relieved the inhibition by 
PLN in a dose-dependent manner (fig. S15). Three- 
fold overexpression of DWORF was sufficient to 
return SERCA activity to baseline levels when 
coexpressed with PLN, SLN, or MLN (fig. S16). 
These results indicate that DWORF counteracts 
the effect of inhibitory peptides rather than di- 
rectly stimulating SERCA pump activity, which is 
consistent with the lack of primary sequence sim- 
ilarity between DWORF and SERCA inhibitors 
(fig. S17). 

Based on gain- and loss-of-function studies, 
our results demonstrate that DWORF enhances 
SR Ca”* uptake and myocyte contractility through 
its displacement of the inhibitory peptides PLN, 
SLN, and MLN from SERCA (Fig. 4C). Because 
DWORF increases the activity of the SERCA 
pump, it represents an attractive means of en- 
hancing cardiac contractility in settings of heart 
disease. Finally, our results underscore the like- 
lihood that many transcripts currently annotated 
as noncoding RNAs encode peptides with impor- 
tant biological functions. These small peptides 
may evolve rapidly as singular functional domains 
that fine-tune the activities of larger preexisting 
molecular complexes, rather than having intrin- 
sic biologic effects themselves. In this regard, 
small peptides may be uniquely suited to act 
as key factors in evolutionary adaptation and 
speciation. 
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METABOLISM 


AMP-activated protein kinase 
mediates mitochondrial fission in 
response to energy stress 


Erin Quan Toyama, Sébastien Herzig,’* Julien Courchet,” Tommy L. Lewis Jr.,” 
Oliver C. Los6n,” Kristina Hellberg,’ Nathan P. Young,’ Hsiuchen Chen,” 
Franck Polleux,” David C. Chan,? Reuben J. Shaw'+ 


Mitochondria undergo fragmentation in response to electron transport chain (ETC) 
poisons and mitochondrial DNA-linked disease mutations, yet how these stimuli 
mechanistically connect to the mitochondrial fission and fusion machinery is 

poorly understood. We found that the energy-sensing adenosine monophosphate 
(AMP)-activated protein kinase (AMPK) is genetically required for cells to undergo 
rapid mitochondrial fragmentation after treatment with ETC inhibitors. Moreover, direct 
pharmacological activation of AMPK was sufficient to rapidly promote mitochondrial 
fragmentation even in the absence of mitochondrial stress. A screen for substrates of 
AMPK identified mitochondrial fission factor (MFF), a mitochondrial outer-membrane 
receptor for DRP1, the cytoplasmic guanosine triphosphatase that catalyzes mitochondrial 
fission. Nonphosphorylatable and phosphomimetic alleles of the AMPK sites in MFF 
revealed that it is a key effector of AMPK-mediated mitochondrial fission. 


etabolic stresses that inflict damage to 
mitochondria trigger mitochondrial frag- 
mentation, leading to degradation of 
defective mitochondria (mitophagy) or 
apoptosis in cases of severe damage (1). 
This response enables the consolidation of the 
still-intact functional elements of mitochondria, 
while allowing for physical segregation of dys- 
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functional mitochondrial components into depo- 
larized daughter organelles that are targeted for 
mitophagy (2, 3). Similarly, proper mitochondrial 
fission facilitates timely apoptosis (4-7). Mito- 
chondrial fragmentation is also associated with 
mitochondrial dysfunction, such as in diseases 
associated with mitochondrial DNA (mtDNA) 
mutations (8). Conversely, mitochondrial fusion 
is thought to promote oxidative phosphoryl- 
ation (9), to spare mitochondria from mitoph- 
agy (JO, 11), and to allow biodistribution of fatty 
acids for fuel utilization under nutrient-limited 
conditions to maintain metabolite pools and effi- 
cient adenosine triphosphate (ATP) production 
(12). 

A central metabolic sensor activated by a wide 
variety of mitochondrial insults is the adenosine 
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monophosphate (AMP)-activated protein kinase 
(AMPK) (13). Under conditions when intracellular 
ATP concentrations decrease, increased intracel- 
lular AMP directly binds to the y regulatory sub- 
unit of AMPK, facilitating AMPK activation by the 
upstream protein kinase LKB1. Upon activation, 
AMPK restores intracellular energy levels through 
direct phosphorylation of multiple downstream 
substrates that inhibit ATP-consuming biosyn- 
thetic pathways and stimulate catabolic ATP- 
regenerating processes. Because mitochondria 
supply the majority of cellular ATP, the main- 
tenance of mitochondrial function is critical to 
maintaining overall energetic homeostasis (/4), 
but the question of whether AMPK plays direct 
roles in different aspects of mitochondrial bio- 
logy has not been well examined. AMPK has 
previously been tied to mitochondrial integrity 
through its direct phosphorylation and activa- 
tion of the highly conserved autophagy kinase 
ULK1 (Atgl in yeast) (15, 16), which promotes 
mitophagy. In comparison, although mitochon- 
drial fission and fusion rates are known to respond 
to changes in cellular metabolism, the molecular 
details of how changes in cellular bioenergetics 
and nutrients couple to the fission and fusion 
machinery remain poorly understood (17). For ex- 
ample, cells treated with mitochondrial inhibitors 
or bearing mtDNA-linked mutations undergo mito- 
chondrial fragmentation, but much of the biochem- 
ical underpinning for these effects remains obscure. 
Inhibition of mitochondrial fusion due to aberrant 
processing of Optic atrophy 1 (OPAI, an inner mito- 
chondrial membrane fusion GTPase) is a pro- 
posed mechanism (17-21), but it is thought to 
require a loss of mitochondrial membrane poten- 
tial, which does not occur with many fragmentation- 
inducing stimuli. 

We examined whether AMPK plays a part in 
the dynamic response of mitochondria to lowered 
ATP concentrations. To this end, we treated hu- 
man U2OS osteosarcoma cells with the electron 
transport chain (ETC) complex I inhibitor rote- 
none or complex II inhibitor antimycin A for 
1 hour and assessed their mitochondrial morphol- 
ogy. Confocal microscopy of endogenous TOM20 
staining revealed extensive fragmentation of 
mitochondria caused by both inhibitors (Fig. 1A, 
top row). Time-lapse microscopy with MitoTracker 
dye to visualize live fusion and fission events re- 
vealed extensive mitochondrial fragmentation 
within 30 min after the addition of rotenone 
(Fig. 1B and movie S1). Treatment with either 
rotenone or antimycin A led to the rapid acti- 
vation of AMPK and phosphorylation of its 
well-established downstream substrates acetyl 
coenzyme A carboxylase (ACC), Raptor, and ULK1 
within 15 min (Fig. 1C). 

We next used CRISPR/Cas9 to genetically dis- 
rupt the two catalytic subunits of AMPK (AMPKa1 
and AMPKa2) in U20S cells (AMPK double knock- 
out, DKO) (fig. SIA). We demonstrated that both 
AMPK catalytic subunits must be genetically re- 
moved in U20S cells to fully abolish AMPK sig- 
naling in this cell type (Fig. 1C and fig. S1B), 
similar to what is observed in other cell types 
(22). In AMPK DKO U20S cells, the effect of ro- 
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tenone or antimycin A on mitochondrial fragmen- 
tation was significantly attenuated (Fig. 1, A and 
D), as visualized by TOM20 staining at fixed time 
points (Fig. 1A) and by time-lapse microscopy (Fig. 
1B and movie S82), despite comparable effects 
on oxygen consumption rates (fig. S1C). Lenti- 
virus was used to stably reconstitute a wild-type 
AMPKa1 or AMPKa.2 cDNA into the AMPK DKO 
U20S cells to confirm that the loss of mitochon- 
drial fragmentation was not an artifact of the 
chosen AMPK DKO clone. In cells treated with 
rotenone and antimycin A, either reconstituted 
AMPKa1 or AMPKoa2 was sufficient to restore 
mitochondrial fragmentation and phosphoryl- 
ation of downstream substrates, suggesting that 
either of the o subunits is capable of mediating 
these responses in U2OS cells (Fig. 1, A and D, and 
fig. SID). 

Some stimuli that acutely trigger mitochon- 
drial fragmentation lead to proteolytic cleavage 
and inactivation of the OPA1 GTPase that medi- 
ates inner mitochondrial membrane fusion (77-27). 
We therefore compared the induction of AMPK 
activation with the induction of OPA proteolytic 
cleavage. Although the ETC uncoupler CCCP (car- 
bonyl cyanide m-chlorophenyl hydrazone) pro- 
moted OPA1 processing, this effect was absent in 
cells treated with rotenone or antimycin A (fig. SIE), 
supporting reports that a loss of mitochondrial 
membrane potential is required for OPA1 cleav- 
age (17-20). Immunoblotting of wild-type and 
AMPK DKO cells after CCCP treatment revealed 
that OPAI cleavage was independent of AMPK 
status, reinforcing that these are two indepen- 
dent biochemical events. AMPK is activated 
by a loss of ATP due to ETC inhibition, where- 
as OPA1 cleavage is induced only after the 
more extensive mitochondrial damage that ac- 
companies a loss of mitochondrial membrane 
potential. 

We next examined whether direct pharma- 
cological activation of AMPK in the absence of 
mitochondrial inhibitor treatment would be suf- 
ficient to induce mitochondrial fission. The small 
molecule A769662 and related compounds (MT63- 
78 and 991) were isolated from high throughput 
screens for AMPK activators (23-25). All of the 
A769662-related compounds are thought to bind 
in a cleft between the AMPK a and £ subunits, 
in contrast to AMP-mimetic compounds such 
as AICAR (5-aminoimidazole4-carboxamide ribo- 
nucleotide), which bind to nucleotide binding 
pockets in AMPKy subunits to trigger activation 
of AMPK kinase complexes (26). Treatment of 
U20S cells with A769662 for 1 hour resulted in 
mitochondrial fragmentation equivalent to that 
which occurred after rotenone or antimycin A 
treatment (compare Fig. 2, A to C, with Fig. 1, 
A, B, and D). This effect was almost fully ablated 
in the AMPK DKO U20OS cells (Fig. 2, A and B, 
and fig. S2A). Similarly, the cell-permeable AMP- 
mimetic AICAR increased the percentage of 
cells with short mitochondria, an effect ablated 
in the AMPK DKO U2OS cells (Fig. 2, A and B). 
The effects of these two mechanistically distinct 
direct AMPK activators on mitochondrial frag- 
mentation were restored in the AMPK DKO U20S 


cells that were stably reconstituted with either 
wild-type AMPKal1 or AMPKa2 cDNAs (Fig. 2, 
A and B), which also restored full downstream 
AMPK signaling (fig. S2B). 

We also assessed AMPK induction of mito- 
chondrial fragmentation in SV40-immortalized 
murine embryonic fibroblasts (MEFs) bearing 
floxed alleles of AMPKal (Prkaal) and AMPKoa2 
(Prkaa2) that we derived de novo from embry- 
onic day-13 mouse embryos to ensure equivalent 
starting mitochondrial populations. These cells 
were transduced with adenoviruses bearing eith- 
er the Cre recombinase or the FlIpO recombinase 
to obtain parallel treated cultures in which both 
AMPKal and AMPKo2 were deleted or that 
were exposed to a nontargeting control recom- 
binase, respectively. Immunoblotting confirmed 
efficient deletion of AMPKa1 and AMPKa2 and a 
loss of downstream signaling only in the Cre- 
treated cells (fig. S2C). Mitochondrial networks in 
MEFs are shorter and less tubulated under basal 
conditions compared with those in U20S cells, 
but treatment with rotenone further induced 
fragmentation of mitochondria in wild-type MEFs, 
which was largely ablated in the AMPK DKO 
MEFs (Fig. 2, D and E). Direct activation of 
AMPK with MT63-78 (a more potent A769662 
derivative) (25) induced acute mitochondrial 
fragmentation in MEFs to an extent compara- 
ble to that with rotenone treatment, which was 
also attenuated in the AMPK DKO MEFs (Fig. 2, 
D and E). The observation that mechanistically 
distinct AMPK activators can consistently induce 
fragmentation to the same extent as ETC inhib- 
itors, across cell types with morphometrically 
distinct mitochondrial networks, suggests that 
AMPK may directly regulate some component 
(s) of the mitochondrial fission and fusion 
machinery to mediate these events. 

Previously, our laboratory has used proteomic 
and bioinformatics approaches to identify AMPK 
substrates (15, 27-29). In one screen for AMPK 
substrates, we identified a protein named C2orf33, 
which subsequently was renamed mitochondrial 
fission factor (MFF). MFF is a mitochondrial outer- 
membrane protein that was discovered in an RNA 
interference screen aimed at identifying factors 
required for mitochondrial fission (30). Mitochon- 
drial fission involves the recruitment of the GTPase 
dynamin-related protein 1 (DRP1) from the cytosol 
to the mitochondrial surface to catalyze the fission 
reaction. Genetic analysis has demonstrated that 
MFF is the dominant receptor for DRP1 in most 
mammalian cell types examined to date (31-33). 
MFF contains two predicted candidate AMPK 
phosphorylation sites, Ser’ and Ser’ in human 
MFF, which lie between the DRP1-interacting 
region at the amino terminus and the mito- 
chondrial targeting transmembrane domain at 
the carboxyl terminus (Fig. 3A and fig. S3A). 
MFF was directly phosphorylated by recombi- 
nant AMPK, and, although mutation of Ser’”” 
attenuated most of the in vitro phosphoryl- 
ation, it was only fully ablated when Ser’? was 
also mutated (Fig. 3B). We used phosphomotif 
antibodies directed against the AMPK optimal 
substrate motif (27) or the optimal 14-3-3 binding 
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motif to determine whether they recognize MFF 
phosphorylated at Ser’ or Ser’ in vivo. FLAG- 
tagged variants of MFF cDNAs were stably 
introduced into wild-type MEFs, and treatment 
of the cells with AICAR increased MFF phos- 
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phorylation (Fig. 3C). A nonphosphorylatable 
Serl72Ala mutation abolished interaction with 
the antibody to the 14-3-3 binding motif, whereas 
a nonphosphorylatable Ser155Ala mutation abol- 
ished the interaction with the antibody to the 


U20S WT 


Rotenone Antimycin 
0 15 30 45 15 3045 0 15 30 45 15 3045 


AMPK substrate motif, and mutation of either 
site alone did not affect the AICAR-induced phos- 
phorylation of the other site (Fig. 3C). Phospho- 
rylation of either site was largely ablated in the 
AMPK DKO MEFs (Fig. 3D). 


U20S AMPK DKO 
Rotenone Antimycin 


—— om am OB ae ae oe  -- et 


U20S WT 
Rotenone 


U20S 
AMPK DKO 
Rotenone 


U20S WT 
untreated 


Rotenone Antimycin A 


Fig. 1. Requirement of AMPK for rotenone- and 
antimycin A-induced mitochondrial fragmentation. 
(A) Representative confocal images of the mitochon- 
drial morphology of U2OS wild-type (WT) (parental) 
or AMPK DKO cells, stably transduced with an empty 
vector or a vector encoding AMPKal or AMPKa2 cDNAs, 
and treated for 1 hour with vehicle (dimethy! sulfoxide, 
DMSO), 250 ng/ml of rotenone, or 10 uM antimycin A. 
Mitochondria were visualized using an antibody to 
TOM20. (B) Time-lapse images of U2O0S WT (parental) 
or AMPK DKO cells stained with MitoTracker Green. 
The indicated treatment was started at O min. A mag- 
nification of a portion of the mitochondrial network 
(dotted square) is included for each image (movies S1 
to S3). (C) Time course of AMPK activation by protein 
immunoblotting of cell lines and treatments shown in 
(A) (m, minute). (D) Quantification of the mitochon- 
drial morphology of the cells shown in (A). Data are 
shown as the mean + SEM of three independent 
experiments with 200 cells counted for each replicate; 
colors indicate the morphology of the mitochondria 
(long or short). ***P < 0.001; ****P < 0.0001 by two- 
way analysis of variance (ANOVA) using Tukey's multiple 
comparison test; #P < 0.0001 compared with vehicle. 
The dagger indicates no significant difference relative 
to vehicle. Scale bars, 10 um. 
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Ad-Cre Fig. 2. AMPK activation 

is sufficient for mitochon- 
drial fragmentation in the absence of mitochondrial inhibitors. 
(A) Representative confocal images of the mitochondrial morphol- 
ogy of WT (parental) or AMPK DKO U2OS cells, stably 
transduced with an empty vector or a vector encoding human 
AMPKal or AMPKa2 cDNAs, and treated for 1 hour with vehicle (DMSO), 300 nM A769662, or 2 mM AICAR. Mitochondria were visualized using an antibody to 
TOM2O. (B) Quantification of the mitochondrial morphology of cells shown in (A). (C) Time-lapse images of WT (parental) U2OS cells stained with MitoTracker 
Green and treated with 300 uM A769662 at O min. A magnification of a portion of the mitochondrial network (dotted square) is included for each image (bottom 
panel; movie S4). (D) Representative confocal images of the mitochondrial morphology of AMPKol"9.2™" (fl, floxed) MEFs transduced with FlpO (control)— or 
Cre-encoding adenoviruses (Ad) and treated for 1 hour with vehicle (DMSO), 100 ng/ml of rotenone, or 50 uM MT63-78. Mitochondria were visualized using an 
antibody to TOM20. (E) Quantification of the mitochondrial morphology of cells shown in (D). Data in (B) and (E) are shown as the mean + SEM of three 
independent experiments with 200 cells counted for each replicate and statistically analyzed as in Fig. 1 (ns, not significant). Scale bars, 10 um. 
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To examine endogenous MFF phosphoryl- 
ation, we developed a phosphospecific antibody 
to phospho-Ser'” (P-Ser'”), which we validated 
for phosphospecificity and induction in cells 
either expressing an activated allele of AMPK or 
treated with metabolic stress (fig. S3, B and C). 
Multiple alternatively splice isoforms of MFF 
have been documented, and one of the differen- 
tially spliced exon boundaries in MFF occurs just 
after Ser” (fig. S3D) (34). However, direct exam- 


Fig. 3. MFF is a conserved sub- 

strate of AMPK. (A) ClustalW align- A 
ment of two conserved sites on MFF 

that match the AMPK optimal sub- 

strate motif. Ser'”* (S172) matches 

the well-defined AMPK motif found in 
most substrates (27, 39), and Ser?°° 
(S155) contains additional selections 
including +4N that also have been 
previously described (39). (B) Incor- 
poration of y-2°P-ATP into MFF in 

vitro. Human embryonic kidney—293 Cc 
Tcells transfected with empty vector 
(mock), WT MFF, or the indicated 

MFF mutants were lysed, and the 

FLAG immunoprecipitates were 

combined with recombinant 


(recomb) active AMPK where indi- IP: 
FLAG 


cated and y-?°P-ATP in an in vitro 

kinase reaction. Proteins were 

resolved on a SDS-polyacrylamide gel 
electrophoresis gel, and parallel non- 
radioactive kinase assays were immu- 
noblotted as indicated. (C) 
Phosphorylation of MFF mutants. 

WT MEFs stably expressing a control 
vector (mock), WT MFF, or the indi- 

cated MFF mutants were treated with 
vehicle or 2 mM AICAR for 1 hour. 

FLAG immunoprecipitates and 

lysates were immunoblotted with the 
indicated antibodies and phospho- 

motif antibodies that recognize phos- 
phorylated Ser!” or Ser®. 

(D) Phosphorylation in WT (*7*) or AMPK E 
DKO (-”) MEFs stably expressing a 
control vector (mock) or WT MFF. 
Cells were treated with vehicle or 

2 mM AICAR for 1 hour and processed 
as in (C). (E) Protein immunoblot 
showing the time course of AMPK 
activation in WT and AMPK DKO 
MEFs, as generated in Fig. 2D, after 
treatment with 250 ng/ml of rote- 
none for the indicated times. Phos- 
phorylation of endogenous MFF was 
detected by the antibody to MFF 
P-Ser’”*, (F) Protein immunoblot of 
primary hepatocytes prepared from 
WTor AMPK DKO livers and treated 
with increasing concentrations of 
metformin (0, 0.5, 1.0, and 2.0 mM), 
showing phosphorylation of endoge- 
nous MFF as detected by the anti- 
body to MFF P-Ser!”2, 
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Vehicle 


Lysates 


ination of transiently expressed cDNAs of MFF 
splice isoforms revealed that the antibody to P-Ser’” 
recognized the cognate site in an AMPK-dependent 
manner in three of four isoforms tested (fig. S3D). 
To next ascertain whether the antibody to P-Ser’” 
recognized endogenous MFF, we used MEFs ge- 
netically lacking MFF (fig. S4A). AICAR treatment 
induced reactivity of endogenous MFF with the 
antibody to MFF P-Ser’” in wild-type but not in 
the MfFnull MEFs (fig. S4B). Next, we immuno- 
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blotted parallel lysates from AMPK wild-type and 
genetically matched DKO MEFs treated with 
rotenone or MT63-78, in which AMPK was crit- 
ical for mitochondrial shortening (Fig. 2, D and 
E). This revealed that endogenous MFF P-Ser’” 
was increased in wild-type but not AMPK DKO 
MEFs after receiving these stimuli (fig. S4C). In 
time-course experiments, MFF P-Ser™” was fully 
induced within 15 min of treatment of wild-type 
MEFs with rotenone, paralleling the timing of 
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mitochondrial fragmentation and phosphoryl- 
ation of other AMPK substrates (Fig. 3E). Mito- 
chondrial morphology is altered in hepatocytes 
upon genetic deletion of AMPK (15); we there- 


fore also examined MFF in this cell type. AICAR 
treatment of primary hepatocytes induced phos- 
phorylation of endogenous MFF Ser’” and other 


AMPK substrates (fig. S4D). Another mitochon- 


drial inhibitor that activates AMPK is met- 
formin, the most-widely prescribed type 2 diabetes 
drug in the United States and worldwide (2). 
Metformin treatment of hepatocytes resulted in 


Fig. 4. MFF Ser° and =A 
Ser”? are required for 
recruitment of DRP1 to 
mitochondria after 
AMPK activation. 

(A) Representative images 
of 3KD MEFs stably 
transduced with a con- 
trol vector (mock), WT 
MFF, or the SA2 MFF 
mutant, treated for 

1 hour with vehicle 
(DMSO) or 2 mM 
AICAR and fixed and 
visualized with anti- 
bodies to endogenous 
TOM20 and DRPI1. The 
merge of both channels 
as well as the result of 
the colocalization high- 
lighter plugin (ImageJ) 
are shown. Scale bar, 
10 um. (B) Quantifica- 
tion of mitochondrial 
DRP1 in samples shown 
in (A) (details are 
included in the supple- 
mentary materials). 
Data are shown as the 
mean + SEM of four 
independent exper- 
iments, each with at 
least five images repre- 
senting >40 cells per 
condition. *P < 0.05; 
**P < 0.01 by one-way 
ANOVA. (©) Quan- 
tification of mitochon- E 
drial DRP1 after 
treatment with 

250 ng/ml of rotenone 
for 1 hour, as in panels 
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(E) Maximum projection images of layer 2/3 postnatal day—30 apical dendrite 
branches, demonstrating mitochondrial morphology upon expression of the 
labeled constructs via in utero electroporation at embryonic day 15.5. The 
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phosphorylation of endogenous MFF Ser’ in a 
dose- and time-dependent manner, paralleling 
AMPK phosphorylation of Raptor and ULK1— 
effects which were abolished in AMPK DKO hep- 
atocytes (Fig. 3F). 

To test the effects of AMPK phosphoryla- 
tion on MFF function, we first used MEFs that 
we have previously reported as lacking most 
functional DRP1 receptors [Mff “I-. Fist/-, and 
Mid51 short hairpin-mediated RNA interfer- 
ence (shRNA), referred to as 3KD MEFs] (fig. 
S5A) (31). Mitochondrial shortening that was 
induced by AICAR in wild-type cells was abol- 
ished in the 3KD cells (fig. S5B). Reconstitution 
of the 3KD cells with wild-type MFF cDNA dem- 
onstrated that MFF expression alone was suffi- 
cient to restore mitochondrial fragmentation in 
response to AICAR (fig. S5C). Subsequent anal- 
ysis of MEFs that were genetically disrupted only 
for MFF (Mff~) revealed they were also com- 
pletely defective for AICAR-induced fragmenta- 
tion (fig. S5D). 

As the major receptor for DRP1, MFF is re- 
quired for steady-state localization of DRP1 to 
the mitochondria (37, 33). Reconstitution of the 
3KD MEFs with a wild-type MFF cDNA revealed 
a much greater colocalization of endogenous 
DRP!I to the mitochondria when MFF expression 
was restored, as compared with the control vec- 
tor (Fig. 4, A and B). Treatment of cells with 
AICAR further increased colocalization of endoge- 
nous DRP1 with TOM20 in 3KD MEFs recon- 
stituted with wild-type MFF, but this treatment 
failed to do so in the luciferase control 3KD 
MEFs (Fig. 4, A and B). This increase in DRP1 and 
TOM20 colocalization was attenuated in the cells 
stably expressing nonphosphorylatable Ser155Ala- 
Ser172Ala (SA2) mutant MFF, though amounts of 
MFF and DRP1 were comparable across these 
stable cell lines (fig. S5E). Similar effects on DRP1 
and TOM20 colocalization were observed in re- 
sponse to rotenone treatment in cells bearing 
wild-type versus SA2 MFF (Fig. 4C and fig. S5F). 
These data indicate that basal DRP1 localization 
to mitochondria is largely normal in the SA2 
cells but that AICAR and rotenone induce acute 
recruitment of DRP1 to the mitochondria, and 
this effect is abolished when AMPK cannot 
phosphorylate Ser’®* and Ser’” in MFF. To mod- 
el the effects of AMPK phosphorylation, we 
created phosphomimetic Ser155Asp-Ser172Asp 
(SD2) and Ser155Glu-Ser172Glu (SE2) mutants. 
Despite being expressed at equal levels to wild- 
type MFF protein (fig. S6A), both the SD2 and 
SE2 MFF mutants displayed gain-of-function 
activity when introduced into 3KD or Mff~/- 
MEFs, resulting in shortened mitochondria even 
in the absence of stimuli, comparable to those 
induced by AICAR in cells expressing wild-type 
MFF (fig. S6, B to E). Moreover, neither AICAR 
nor MT63-78 treatment further shortened the 
mitochondria in SD2- and SE2-expressing cells 
(fig. S6, C to E). Fragmented mitochondria are 
correlated with increased production of reactive 
oxygen species (35). Consistent with this, among 
all the 3KD cell lines, SD2- and SE2-MFF express- 
ing cells exhibited the greatest accumulation of 
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reactive oxygen species after rotenone treatment 
(fig. S6F). 

To examine the function of the AMPK-dependent 
phosphorylation of MFF in vivo, in a cell type in 
which the AMPK pathway plays critical roles and 
in which mitochondrial homeostasis is para- 
mount (36, 37), we expressed wild-type, SA2, or 
SD2 MFF cDNAs in layer 2/3 cortical pyramidal 
neurons using in utero cortical electroporation 
(36). Co-electroporation of cDNAs encoding my- 
ristoylated (m)Venus and mt-DsRed enabled quan- 
titative imaging of mitochondrial morphology in 
dendritic segments of single neurons 3 weeks 
after birth (fig. S7, A and B). In control neurons, 
mitochondria morphology in the dendrites of 
pyramidal neurons is elongated (Fig. 4D). In 
contrast, enforced equivalent expression of wild- 
type or SD2 but not SA2 MFF resulted in frag- 
mented mitochondria in the dendrites (Fig. 4, D 
and E). All three forms of MFF (wild-type, SA2, 
and SD2) were targeted to mitochondria and 
expressed at similar levels (Fig. 4F and fig. S7C). 
These results indicate that MFF is sufficient to 
induce fragmentation of neuronal mitochondria 
in vivo and that this effect requires phosphoryl- 
ation of Ser!°”, 

AMPK is rapidly activated by mitochondrial 
stress and acutely triggers mitochondrial fission, 
at least in part via phosphorylation of MFF. This 
rapid AMPK-dependent induction of mitochondrial 
fission may serve as one way for the cell to prepare 
to initiate mitophagy of those mitochondrial 
fragments that have extensive damage (38). Though 
AMPK is a highly conserved sensor of mitochon- 
drial damage across eukaryotes, MFF is one of 
the first AMPK substrates to have been dis- 
covered to directly control mitochondrial biol- 
ogy. AMPK is also known to induce mitochondrial 
biogenesis in various tissues (13), and AMPK 
directly phosphorylates and activates the first 
component of the autophagy cascade, the kinase 
ULKI1 (15). Thus, AMPK emerges as a master 
regulator of mitochondrial homeostasis, coupling 
fission to mitophagy and, after prolonged energy 
stress, signaling the nucleus to initiate bio- 
genesis of new mitochondria to replace the 
damaged ones. 
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RNA BIOCHEMISTRY 


Transcriptome-wide distribution 
and function of RNA 
hydroxymethylcytosine 
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Patrick A. Limbach,° Cyril Gueydan,” Véronique Kruys,? Alexander Brehm,* 

Svetlana Minakhina,”{ Matthieu Defrance,' Ruth Steward,” Francois Fuks'# 


Hydroxymethylcytosine, well described in DNA, occurs also in RNA. Here, we show that 
hydroxymethylcytosine preferentially marks polyadenylated RNAs and is deposited by Tet in 
Drosophila. We map the transcriptome-wide hydroxymethylation landscape, revealing 
hydroxymethylcytosine in the transcripts of many genes, notably in coding sequences, and identify 
consensus sites for hydroxymethylation. We found that RNA hydroxymethylation can favor mRNA 
translation. Tet and hydroxymethylated RNA are found to be most abundant in the Drosophila 
brain, and Tet-deficient fruitflies suffer impaired brain development, accompanied by decreased 
RNA hydroxymethylation. This study highlights the distribution, localization, and function of 
cytosine hydroxymethylation and identifies central roles for this modification in Drosophila. 


n DNA, vertebrate Tet methyldioxygenases 

(Tet, Tet2, and Tet3) catalyze hydroxylation 

of 5-methylcytosine to 5-hydroxymethylcytosine 

(1-3). Tet also catalyzes the formation of hy- 

droxymethylcytosine in RNA (referred to here 
as hmrcC) (4, 5). To date, however, the distribution, 
localization, and functional relevance of hmrC re- 
main unknown. 

In the present study, we have sought to pro- 
vide a better understanding of hmrC. For ease of 
interpreting results, we analyzed hmrC in Dro- 
sophila melanogaster because (i) cytosine meth- 
ylation in Drosophila DNA is either absent or very 
low, being restricted to specific cellular contexts 
(6, 7), and (ii) we have found no evidence of DNA 
hydroxymethylation in this organism (fig. Sl). To 
detect 5h5mC RNA modification, we used an antibody 


raised against 5-hydroxymethylcytosine (8, 9). To 
confirm that it will bind to hmrC, we performed 
dot blot experiments using in vitro transcribed 
templates containing either unmethylated, methy- 
lated, or hydroxymethylated cytosines (table S1). 
The antibody to 5hmC specifically detected 5hmC- 
containing RNA. In addition, detection of 5hmC 
was abolished after ribonuclease (RNase) A treat- 
ment (fig. S2A). 

We detected hmrC in dot blot experiments on 
total RNA extracted from Drosophila S2 cells (Fig. 1A 
and fig. S2, B and C). Isolation of polyadenylated 
RNA from S82 cells followed by immunoblotting 
showed strong enrichment in hmrC signal as 
compared with that of total cellular RNA (Fig. 
1B and fig. S2, D and E). No signal was de- 
tected in fractions enriched in small RNAs or 
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Fig. 1. RNA hydroxymethylation by dTet in Drosophila S2 cells. (A) Dot 
blotting on total RNA from Drosophila S2 cells with antibody to 5hmC, treated 
or not with RNase A (serially halved amounts of RNA, starting at 1 ug). Data 
are mean + SD (n = 4 experiments run) with a representative blot shown. 
(B) Immunoblotting with anti-5hmC antibody was performed on polyadenyl- 
ated and total RNA from S2 cells. Data are mean + SD (n = 3 experiments 


282 15 JANUARY 2016 + VOL 351 ISSUE 6270 


i=] 


Relative dTet expression 


ribosomal RNAs (Fig. 1C and fig. S3, A and B). 
Drosophila possesses only one conserved Tet 
ortholog, CG43444 (dTet) (10, 11). Depletion of 
dTet in S2 cells, by using RNA interference for 
dTet (dTet KD), revealed a 54% decrease in dTet 
transcripts, as compared with control cells (Fig. 
1D). Dot blotting with antibody to 5omC showed 
a similar decrease in hmrC—44%—upon dTet 
knockdown (Fig. 1D and fig. $3, C and D). 

To map the hmrC modification landscape in 
a transcriptome-wide manner, we adapted a re- 
cently used method [methylated RNA immuno- 
precipitation followed by sequencing (MeRIP-seq)] 
(12, 13), which we call hMeRIP-seq. This method 
involves immunoprecipitation of hmrC-containing 
RNA with the antibody to 5hmC followed by next- 
generation sequencing. hMeRIP-seq in S2 cells 
yielded 3058 significantly enriched regions (“hmrC 
peaks,” P < 10 ”°) within 1597 coding gene tran- 
scripts (fig. S4, A to C, and table S2). Examples 
of enrichment profiles are shown in Fig. 2A. 
Several key controls were performed so as to en- 
sure the validity and stringency of our experimental 
approach: (i) Further bioinformatic analyses dem- 
onstrated that our hMeRIP-seq experiments did 
not merely coprecipitate abundant RNA fragments 
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run). (©) hmrC content of total RNA as well as fractions enriched in small 
RNA or rRNA was assessed by dot blotting. Data are mean + SD (n = 3 
experiments run). A vertical line indicates juxtaposition of lanes within the 
same blot, exposed for the same time. (D) dTet knockdown leads to reduced 
hmrC levels. (Left) Quantitative RT-PCR analysis. (Right) Dot blotting. Data 
are mean + SD (n = 4 experiments run). 
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nonspecifically (Fig. 2B and fig. $5); (ii) up to of the sites showing a more than fourfold reduc- | ment between experiments performed with the 
79.4% of hmrC sites showed significant reduction | tion in hmrC levels (Fig. 2C and fig. S6); and (iii) two 5hmC antibodies (fig. S7 and table S3). 

levels in hMeRIP-seq upon dTet depletion as replicate hMeRIP-seq experiments by using an The distribution of hmrC peaks revealed by 
compared with that of control S2 cells, with 85.5% additional antibody to 5hmC showed strong agree- | hMeRIP-seq analyses was significantly nonrandom 
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Fig. 2. Transcriptome-wide distribution of hmrC in Drosophila cells. (A) Representative UCSC (574) (1597) 
Genome Browser plot from hMeRIP-seq data. (B) Distribution of all expressed (gray) or hmrC- 
enriched (green) transcripts, showing the number of mRNAs as a function of their expression levels. 
In hMeRIP-seq, enrichment in both abundant and less abundant fragments was observed. (C) hMeRIP- 
seq in cells depleted of dTet shows reduced hmrC levels at the majority of target regions. (Left) Box plot 
of the normalized number of hmrC reads in dTet-depleted cells versus control cells. (Center) Pie chart pi, 


showing the percentage of reduced hmrC peaks, with (right) a more than fourfold reduction at most 
targets. (D) Distribution of hmrC peaks according to the type of structural element within the transcript. *P < 107°). (E) Sequence motif identified within 
hmrC peaks. (F) RNA-seq performed on dTet-knockdown and control S2 cells. (G) Partial overlap between hMeRIP-seq and RNA-seq data sets. 
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Fig. 3. RNA hydroxymethylation can favor mRNA translation. (A) Sucrose gradient fractionation followed by dot-blot quantification shows that active translation 
is associated with a high hmrC content. Data are mean + SD (n = 3 experiments run). (B) In vitro translation of C-, mC-, and hmC-containing RNAs, as measured by 


incorporation of °°S-radiolabeled methionine, shows that methylation decreases translation and hydroxymethylation restores it. Shown are the normalized scintillation 
counts (top) and the results of SDS—polyacrylamide gel electrophoresis (SDS-PAGE) followed by fluorography (bottom). Data are mean + SD (n = 3 experiments run). 
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(P < 10°), with many of these peaks found in 
coding sequences (48%) (Fig. 2D). Further analyses 
identified an overrepresented motif with oc- 
currences in a large proportion of peaks (64%) 
and which tends to be highly UC-rich, contain- 
ing UCCUC repeats (Fig. 2E and fig. S8A). Gene 
Ontology analysis of the hmrC targets showed 
enrichment for genes involved in basic cellular 
processes and notably in the regulation of em- 
bryogenesis and development (fig. SSB and table 
S6). In addition, exons were more enriched in 
hmrC than introns (fig. S9D). Thus, the above 
data present the hmrC-enriched transcriptome, 
revealing the presence of this modification in 
specific mRNA regions and in specific sequence 
contexts. 

Next, we knocked down dTet expression in S2 
cells and performed RNA-sequencing (RNA-seq) 
experiments in order to assess how many mRNAs 
might be regulated by dTet. We found the expres- 
sion of 574 mRNAs to change after dTet depletion 
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(50.4% were more abundant, whereas 49.6% 
were less abundant) (Fig. 2F; fig. S9, A to C; and 
table S4). Examples of mRNAs whose levels either 
increased or decreased upon dTet knockdown are 
shown in fig. S9, A and B. A positive correlation 
was observed between transcript abundance and 
the presence of hmrC peaks (Fig. 2B and fig. S5). 
We then compared these dTet-regulated mRNAs 
with the targets identified by hMeRIP-seq and 
found a slight but significant percentage (26%, 
P< 10-*) of the dTet-regulated mRNAs to con- 
tain at least one hmrC peak (Fig. 2G, figs. S9C 
and Sil, and table S5). It is worth mentioning 
that dTet contains an N-terminal CXXC Zn-finger 
domain, which likely explains the reported ability 
of mammalian Tets to regulate gene expression 
independently of their catalytic activity (14, 15). 
It thus remains possible that dTet might affect 
gene expression via its CXXC domain, indepen- 
dently of its ability to hydroxylate methylated 


RNA (fig. S10, A and B). This domain, however, 


is likely not required for the role of dTet in 
Drosophila brain development (see below) be- 
cause flies where dTet CXXC is deleted are still 
viable and show no specific phenotype (11). 

To examine how cytosine hydroxymethylation 
might affect mRNA function, we examined the 
distribution of hmrC as a function of the mRNA 
translational status in Drosophila S2 cells. For 
this, we performed standard sucrose-gradient frac- 
tionation followed by dot blotting. A correlation 
between hmrC abundance and active mRNA trans- 
lation was observed; fractions with low translation 
activity (free mRNAs and monosomes) were found 
to be poor in hmrC, whereas mRNAs heavily 
loaded with ribosomes (polysome fractions) 
showed a high hmrC content (Fig. 3A). We also 
assessed how mrcC distributes across polysome 
fractions and found it to be high in monosomes 
and low in polysomes (fig. S12). Next, we examined 
whether mRNA hydroxymethylation might af- 
fect mRNA translation. In vitro translation of 
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Fig. 4. dTet-deficient fruitflies show impaired brain development, ac- 
companied by decreased RNA hydroxymethylation. (A) d7et expression 
and hmrC levels during Drosophila embryogenesis. Data are mean + SD (n = 
4 experiments run). (B) (Left) Pattern of endogenous GFP-tagged dTet in the 
larval brain. Scale bar, 50 wm. (Center) Scheme of the larval brain. (Right) 
Confocal brain section showing the expression of endogenous dTet (green) and 
F-actin (red). DNA, blue. Scale bar, 10 um. (C) (Top) dTet expression in the 
salivary gland, brain, and ovary. Data are mean + SD (n = 3 experiments run). 
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(Bottom) Immunoblotting with 5hmC antibody in RNA from salivary gland, 
brain, and ovary. Vertical line indicates juxtaposition of lanes within the same 
blot, exposed for the same time. (D) (Left) dTet™” brains are smaller than 
wild-type brains. Don (neuroblasts), green; F-actin, red; DNA, blue. Scale bar, 
50 um. (Right) Average width of the medulla region containing the neuro- 
blasts (left, red arrow). Error bars represent 95% confidence intervals (p < 2.4 
10°°) for 20 brain lobes. (E) Brains of dTet-deficient larvae show a decrease 
in hmrC. Data are mean + SD (n = 3 experiments run). 
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unmodified, methylated, and hydroxymethyl- 
ated Firefly Luciferase-encoding RNA templates 
in rabbit reticulocyte lysate showed a decrease 
in translation of methylated RNAs. In contrast, 
hmrC-modified templates gave rise to near-control 
protein levels (Fig. 3B), suggesting that hydroxy- 
methylation can restore the translation efficiency 
of previously methylated substrates. 

We next sought to assess hmrC in vivo in fruit- 
flies. To determine the timing of dTet expression 
and of the appearance of hmrC during early embryo- 
genesis of D. melanogaster, we performed quantita- 
tive reverse transcription polymerase chain reaction 
(RT-PCR) to measure d7et transcript levels, and 
immunoblotting to estimate levels of hmrC. We 
found that dTet levels correlate positively with 
hmrC levels during fruitfly embryogenesis (Fig. 44 
and fig. S13A). We also analyzed a publicly available 
database of RNA-seq results from different stages 
of D. melanogaster development and found that 
in third-instar larvae, dTet expression is highest in 
the central nervous system (fig. S13B). These findings 
suggest that dTet-mediated hydroxymethylation 
of RNA could play a role in the fruitfly brain. To 
confirm and extend these observations, we generated 
transgenic Drosophila flies expressing a GFP-dTet 
fusion construct under the control of the endog- 
enous dTet promoter (called dTet-M7). The green 
fluorescent protein (GFP)-tagged dTet protein was 
detected throughout the larval brain, the highest 
levels being detected in the optic lobe and central 
brain (Fig. 4B). 

It was of interest to assess whether the fly brain 
contains high levels of hmrC. To this end, in ad- 
dition to the brain, we used ovary [because this 
was the organ chosen to show the role of dTet in 
DNA m6A demethylation (77)]. We also used an- 
other organ, the salivary gland, from which we 
could extract enough RNA to measure hmrC levels. 
Quantitative RT-PCR and dot blotting showed 
higher dTet expression and hmrC content in 
the brain than in the ovary or in the salivary gland 
of the fruitfly (Fig. 4C). Hence, by revealing that 
the hmrC signal is highest in the brain, these 
data support the argument for the importance 
of hmrC in this organ. 

We wished to evaluate RNA hydroxymethyl- 
ation levels in a complete loss-of-function mu- 
tant of dTet (fig. S13, C and D). In agreement 
with recent observations (77), dTet-deficient ani- 
mals survived through the larval stages but died 
at the pupal stage (no adult animals survived; 
n > 5000 dTet-null animals analyzed) (fig. S13E). 
Morphological defects were observed at larval 
stages: The brains of mutant larvae were smaller 
than those of normal larvae and showed abnor- 
mal organization of neuroblasts in their central 
part (Fig. 4D). To quantify the observed changes, 
we measured the width of the medulla region 
(based on 20 examined brains). We found it to 
be significantly reduced in dTet™™” animals (P < 
2.4 x 10°), likely reflecting a lower number of 
neuroblasts (Fig. 4D). To measure the effects of 
dTet loss on the RNA hydroxymethylation level, 
we performed immunoblotting analyses with 
antibody to 5hmC on brains from dTet™™! and 
wild-type larvae. These experiments showed a 
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decreased hmrC content in the brains of dTet- 
deficient larvae (Fig. 4E and fig. S14). 

Our understanding of the posttranscriptional 
modifications that decorate RNA, a regulatory 
layer positioned between DNA and proteins, is in 
its infancy. We have conducted a study addressing 
the distribution, localization, and function of cy- 
tosine hydroxymethylation in RNA, using Dro- 
sophila melanogaster as a model. Our work has 
yielded the following key findings: (i) It provides 
a picture of the hydroxymethylated transcriptome, 
Gi) reveals an unrecognized function for hmrC, 
and (iii) suggests a central role for this RNA modif- 
ication and dTet in the Drosophila brain. All in 
all, we expect this study to change the way we 
think about the roles played by cytosine hydroxy- 
methylation and the Tet proteins. Our findings 
open new research prospects in an emerging 
realm of biological regulation: epitranscriptomics. 
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GENE REGULATION 


Transcription factors LRF and BCLIIA 
independently repress expression of 


fetal hemoglobin 


Takeshi Masuda,’ Xin Wang,” Manami Maeda,’ Matthew C. Canver,® Falak Sher,” 
Alister P. W. Funnell,* Chris Fisher,” Maria Suciu,” Gabriella E. Martyn,* 

Laura J. Norton,* Catherine Zhu,’ Ryo Kurita,® Yukio Nakamura,®” Jian Xu,?* 
Douglas R. Higgs,” Merlin Crossley,* Daniel E. Bauer,’ Stuart H. Orkin,” ® 


Peter V. Kharchenko,”* Takahiro Maeda 


Genes encoding human £-type globin undergo a developmental switch from embryonic to 
fetal to adult-type expression. Mutations in the adult form cause inherited 
hemoglobinopathies or globin disorders, including sickle cell disease and thalassemia. 
Some experimental results have suggested that these diseases could be treated by 
induction of fetal-type hemoglobin (HbF). However, the mechanisms that repress HbF in 
adults remain unclear. We found that the LRF/ZBTB7A transcription factor occupies fetal 
y-globin genes and maintains the nucleosome density necessary for y-globin gene silencing 
in adults, and that LRF confers its repressive activity through a NuRD repressor complex 
independent of the fetal globin repressor BCL11A. Our study may provide additional 
opportunities for therapeutic targeting in the treatment of hemoglobinopathies. 


uring human development, the site of eryth- 
ropoiesis changes from the embryonic yolk 
sac to the fetal liver and then, in newborns, 
to the bone marrow, where it persists through 
adulthood. Coincidentally, there is a “globin 


switch” from embryonic to fetal globin genes in 
utero, and then a second switch from fetal to 
adult globin expression soon after birth. This pro- 
cess has been studied for more than 60 years 
(1D. The latter transition from fetal to adult 
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hemoglobin is marked by a switch from a fetal 
tetramer consisting of two a and two y subunits 
(HbF: osy2) to an adult tetramer containing 
two o-like and two f-like globin subunits 
(HbA: o2Bo). 

Mutations in the adult globin gene cause hemo- 
globinopathies such as thalassemia and sickle cell 
disease (SCD). These diseases are among the most 
common monogenic inherited human disorders 
and represent emerging public health challenges 
(2). For example, the number of children born 
with SCD is expected to exceed 14 million world- 
wide in the next 40 years (3). 

Molecular genetic and clinical evidence indi- 
cates that elevated levels of fetal-type hemoglobin 
(HbF) in adults ameliorate SCD and f-thalassemia 
pathogenesis (J, 4). Thus, a promising approach 
is to pharmacologically inactivate a silencer(s) of 
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Fig. 1. Induced Zbtb7a deletion reactivates 
embryonic/fetal globin expression in adult mice. 
(A) RNA-seq analysis of splenic erythroblasts from 
control and LRF KO mice. Mice were injected with 
polyinosinic-polycytidylic acid, and splenic erythro- 
blasts were harvested 2 months later. Each dot 
represents an individual gene; differentially ex- 
pressed genes are depicted according to FPM 
(fragments per million mapped reads) values. (B) Iso- 
electric focusing of peripheral blood hemolysates and 
subsequent peptide mass fingerprinting with matrix- 
assisted laser desorption/ionization—time-of-flight 
mass spectrometry (MALDI-TOF MS). Embryonic 
globins (Hbz and Hbbz) are evident in samples 
from LRF KO mice. Globins shown in blue were de- 
tected at a much lower level. (C) Levels of human 
y-globin (HBG) transcripts were monitored by qPCR 
before and after LRF depletion. Error bars denote 
SD. We observed a low level of y-globin expression 
before induction of LRF KO, likely due to leaky Cre 
activity (24). 
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fetal globin expression in order to reactivate HbF 
production in adult erythroid cells. Nuclear fac- 
tors that regulate globin switching have been 
identified, but how they function cooperatively 
or independently in fetal globin repression is not 
fully understood. 

Leukemia/lymphoma-related factor (LRF), en- 
coded by the ZBTB7A gene, is a ZBTB transcrip- 
tion factor that binds DNA through C-terminal 
C2H2-type zinc fingers and presumably recruits 
a transcriptional repressor complex through its 
N-terminal BTB domain (5). To assess the effects 
of LRF loss on the erythroid transcriptome, we 
inactivated the Zbtb7a gene in erythroid cells of 
adult mice (6). We then performed RNA sequen- 
cing (RNA-seq) analysis using splenic erythro- 
blasts from control and LRF conditional knockout 
(Zotb7a'™ Mal-Cre*) mice (LRF KO mice) (Fig. 1A). 
Efficient Zbib7a deletion was confirmed by Western 
blot and RNA-Seq reads (fig. S1, A and B) (7). Wild- 
type mice express two embryonic f-like globin 
genes: Hbb-bhi and Hbb-y (8, 9). Although both 
genes are expressed at early embryonic stages, 
Hbb-bh1 is the ortholog of human y-globin (0, 11). 
LRF-deficient adult erythroblasts showed signif- 
icant induction of Hbb-bh1, but not Hbb-y, with 
a moderate reduction in adult globin levels (fig. 
S2A). These results were validated by quantita- 
tive polymerase chain reaction (qPCR) (fig. S2B). 
Isoelectric focusing of peripheral blood hemoly- 
sates revealed unique bands corresponding to 
embryonic globin proteins in peripheral blood 
from LRF KO mice (Fig. 1B). 

We used a humanized mouse model to inves- 
tigate whether LRF loss would reactivate homan 
fetal globin expression in vivo. To do so, we estab- 


lished LRF KO mice harboring the human £-globin 
gene cluster as a yeast artificial chromosome 
transgene (BYAC) (12) (fig. S2C). Human y-globin 
transcripts, but not those of embryonic B-globin 
(HBE}), were significantly induced in LRF-deficient 
erythroblasts and constituted 6 to 12% of total 
human f-like globins in peripheral blood (Fig. 1C 
and fig. S2D). The magnitude of y-globin induc- 
tion in LRF/BYAC mice approximated that seen 
in BCL11A/BYAC mice (13). 

We next determined whether LRF loss could 
induce HbF in human erythroid cells. To this end, 
we used human CD34* hematopoietic stem and 
progenitor cell (HSPC)-derived primary erythro- 
blasts and determined y-globin expression levels 
upon short hairpin RNA (shRNA)-mediated LRF 
knockdown (LRF KD) (fig. S3A). LRF expression 
was markedly induced upon erythroid differen- 
tiation over a 2-week period (Fig. 2A). LRF KD 
significantly increased the percentage of y-globin 
mRNA (Fig. 2B and fig. $3, B and C) and protein 
expression (fig. S3D) relative to adult globin. HbF 
levels in LRF KD cells were greater than those 
seen in parental or scrambled-shRNA transduced 
cells (Fig. 2C and fig. S3E). Because LRF KO mice 
exhibit a mild macrocytic anemia due to inef- 
ficient erythroid terminal differentiation (14), we 
assessed the effects of LRF deficiency on human 
erythroid differentiation. We observed a delay in 
differentiation upon LRF KD relative to controls 
(fig. S4A and supplementary text). 

HSPC-derived erythroid cells tend to display 
relatively high basal levels of HbF (Fig. 2C). More- 
over, it is difficult to exclude the possibility that 
the effects of LRF KD may be the result of a sub- 
population of cells expressing aberrantly high HbF 
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levels. To circumvent these problems, we used a 
human immortalized erythroid line (HUDEP-2), 
which undergoes terminal differentiation upon 
doxycycline removal (fig. S5A) (15). This line pos- 
sesses an advantage over lines currently used for 


globin switching studies because it expresses pre- 
dominantly adult hemoglobin (HbA), with very 
low background HbF expression (J5). Using 
CRISPR/cas9 gene modification, we knocked out 
ZBTB7A in HUDEP-2 cells (fig. S5B). We did not 


observe a significant difference in erythroid dif- 
ferentiation between control and ZBTB7A KO 
HUDEP-2 cells, as evidenced by morphologic and 
fluorescence-activated cell sorting (FACS) analy- 
ses (fig. S5, C and D). To evaluate genome-wide 
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Fig. 3. LRF occupies the y-globin gene and maintains local chromatin compaction. LRF ChiP-seq and ATAC-seq signals at the B-globin cluster 
(HUDEP-2 cells) are shown, along with ChIP-seq enrichment for GATA1, KLF1, and TAL1 (25). Regions showing statistically significant ATAC-seq differences between 
LRF KO and wild-type HUDEP-2 cells are depicted in red. Because of high sequence similarity of HBG1 and HBG2, we analyzed LRF occupancy sites at the y-globin locus 
using two different mapping methods: one mapping all mappable fragments (“LRF all”) and the other mapping only uniquely mappable fragments (“LRF uniquely 
mapped”). In the “LRF all” track, fragments mappable to either HBG1 or HBG2 were randomly distributed between both genes (marked by asterisks). 
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gene expression changes promoted by ZBTB7A 
deletion, we performed RNA-seq analysis. Wild- 
type HUDEP-2 cells exhibited gene expression 
patterns similar to those of HSPC-derived baso- 
philic erythroblasts (fig. S6). As expected, y-globin 
transcripts, but not those of embryonic e-globin, 
were markedly induced in ZBTB7A KO HUDEP-2 
cells (Fig. 2D and fig. S7A). Levels of adult B-globin 
transcripts in ZBTB7A KO cells were approxi- 
mately half those seen in control cells (fig. S7A); 
y-globin transcripts constituted more than 60% 
of total B-like globins (fig. S7B). Induction of y-globin 
was also validated at the protein level (fig. $7, C 
and D). We then established three independent 
ZBTB7A KO HUDEP-2 clones (fig. S7E) and de- 
termined HDF levels in each by high-performance 
liquid chromatography (HPLC). All three clones 
exhibited HbF levels greater than 60%, whereas 
that of parental cells was less than 3% (Fig. 2E). 
Notably, the HbF reactivation occurred without 
changes in levels of transcripts encoding known 
HbF repressors, including BCLI1A (fig. S7F). BCLIIA 
protein levels were also unchanged in ZBTB7A 
KO cells (fig. S5B). 

To determine LRF occupancy sites genome-wide, 
we performed chromatin immunoprecipitation 
and sequencing (ChIP-seq) with an antibody to 
LRF, using HSPC-derived proerythroblasts and 
HUDEP-2 cells. These experiments exhibited strong 
correlations and concordance among the repli- 
cates (fig. S8A). We identified 5684 and 10,385 
LRF binding sites in HSPC-derived proerythro- 
blasts and HUDEP-2 cells, respectively (fig. S8B). 
The most enriched motif identified in either cell 
type was consistent with that previously identi- 
fied in vitro using CAST (cyclic amplification and 
selection of targets) analysis (16), confirming anti- 
body specificity (figs. S9 and S10). Genes differ- 


entially expressed in control and ZBTB7A KO cells 


were significantly enriched for LRF binding sites 
(Fisher’s exact test, P < 1.6 x 10° and P < 8.3 x 
10° for undifferentiated and differentiated 
conditions, respectively). It is also notable that 
LRF occupancy sites differ from those of the 
known y-globin repressors SOX6 and BCLI1A 
(17) (fig. S8C). 

In support of a direct role of LRF at the B-globin 
cluster, we observed several significant LRF-ChIP 
binding signals at adult (HBB) and fetal (HBGI 
and HBG2) globin genes and at upstream hyper- 
sensitivity (HS) sites within the locus control re- 
gion (LCR) (Fig. 3 and supplementary text). To 
assess the local chromatin accessibility at the 
B-globin cluster in the presence or absence of LRF, 
we performed ATAC-seq [assay for transposase- 
accessible chromatin with high-throughput sequen- 
cing (78)]. In control HUDEP-2 cells, the HBB gene 
and LCR HS sites, but not the y-globin genes, 
exhibited ATAC-seq nucleosome-free signals (Fig. 
3). In contrast, strong chromatin accessibility was 
evident at the y-globin genes in ZBIB7A™ cells 
before differentiation, and the signal was ampli- 
fied upon differentiation. Strikingly, differential 
enrichment of ATAC signals in ZBTB7A™ cells 
was evident only at the y-globin genes (Fig. 3) 
but not at the HBB gene or HS sites, indicating 
that chromatin in the latter is accessible regard- 
less of ZBTB7A genotype. Thus, although LRF 
binds to the HBB gene and HS sites as well as 
to the y-globin genes, LRF depletion specifically 
opens chromatin at the y-globin genes. 

To identify a repressor complex interacting 
with LRF in an unbiased fashion, we performed 
a yeast two-hybrid screen with the human LRF- 
BTB domain as bait. A total of 360 positive clones 
were processed out of 52.1 million potential bind- 
ing events. LRF-interacting proteins with high 
confidence included four ZBTB proteins, three 


NuRD/CHD family proteins, and two chromatin 
remodelers (fig. S11, A and B). Given their abun- 
dance in erythroid cells (fig. S12A) and their po- 
tential repressor function, we focused on three 
factors (GATAD2B, CHD3, and CHD8) for fur- 
ther validation. Interactions of LRF with each 
were validated by immunoprecipitation (fig. S12B). 
Because NuRD complex components are impli- 
cated in globin switching (17, 19, 20), we exam- 
ined the LRF-GATAD2B interaction in more 
detail. Immunoprecipitation of human proery- 
throblast lysates with an antibody to LRF pulled 
down GATAD2B and other NuRD complex com- 
ponents (Fig. 4A). The interactions were also 
validated in mouse erythroid cells (fig. S10C). 
Although BCLI11A reportedly interacts with 
NuRD components (2/, 22), we did not detect 
BCLI1A in the NuRD complexes containing LRF 
in either human or mouse erythroid cells (Fig. 
4A and fig. S12C). For reciprocal validation, we 
performed immunoprecipitation in human eryth- 
roid cell lysates with antibodies to GATAD2B 
or MTAQ2; as expected, both antibodies pulled 
down LRF (Fig. 4B). BCLIIA was readily de- 
tected in MTA2-containing protein complexes, 
as reported (22). Consistent with our findings, 
LRF was not identified as a BCL11A-interacting 
protein in proteomic affinity screens in erythroid 
cells (21, 22). 

Finally, to determine whether LRF and BCLI1A 
suppress y-globin expression via distinct mech- 
anisms, we established ZBTB7A/BCLIIA double- 
knockout (DKO) HUDEP-2 cells (fig. $12D) and 
compared HbF in these cells to that in ZBTB7A 
or BCLIIA single-KO HUDEP-2 cells. DKO cells 
exhibited a significantly greater fetal/adult B-globin 
ratio than did either ZBTB7A or BCLIIA single-KO 
cells (fig. S12, E and F). The HbF levels of DKO cells 
were at 91 to 94% of total Hb (Fig. 4, C and D). 
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These data suggest that LRF and BCLIIA rep- 
resent a primary fetal globin repressive activity 
in adult erythroid cells (fig. S13). 

Our results show that LRF is a potent repressor 
of embryonic/fetal B-like globin expression in adult 
erythroid cells. We postulate that LRF depletion 
opens local chromatin at the y-globin genes, there- 
by enabling erythroid transcriptional activators 
to induce y-globin expression. Furthermore, we 
propose that LRF silences y-globin expression 
independently of BCL11A, as implied by our obser- 
vations that (i) LRF inactivation in mice specifically 
reactivates Hbb-bh1, but not Hbb-y, expression, 
whereas BCL11A depletion induces both of these 
embryonic globins (13); (ii) LRF directly binds 
to the HBGI gene, whereas BCLI11A reportedly 
targets intergenic region(s), the LCR, and se- 
quences between HBGI and HBD (17, 23); (iii) the 
LRF-NuRD complex in adult erythroid cells lacks 
BCLI11A; and (iv) ZBTB7A/BCLIIA DKO HUDEP-2 
cells exhibit significantly greater y-globin expres- 
sion than do either ZBTB7A or BCLIIA single- 
KO cells. 

Our work suggests that the two NuRD-associated 
pathways, in which LRF and BCL11A are respec- 
tively involved, are responsible for turning off 
fetal globin expression in order to switch over to 
adult globin. These findings may enable the devel- 
opment of therapies to turn on fetal globin expres- 
sion in individuals with human hemoglobinopathies 
displaying defective adult globin gene expression. 
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Jessica Graybill, Colgate University, 
Hamilton, NY; Vivek Shandas, Portland 
State University, OR 
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Warning, and Damage Mitigation 
David Kornhauser, Kyoto University, Japan 


Sea Level Rise in a Warming World: 
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Maureen Raymo, Columbia University Lamont- 
Doherty Earth Observatory, Palisades, NY 
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State University, Corvallis; Philip Liu, Cornell 
University, Ithaca, NY 


Unmanned Autonomous Systems for 
Climate and Environmental Research 
Sally McFarlane, U.S. Department of Energy, 
Washington, DC 


FOOD AND WATER RESOURCES 


Climate Change and Agriculture: 
Revisiting the Evidence and Potential 
Solutions 

Caron Gala, Council on Food, Agricultural, and 
Resource Economics, Washington, DC 
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Food Systems: Building Resilience and 
Partnering across Sectors 

Rahel Byland, ETH Zurich, Switzerland; 
Ursula Oesterle, Mixing Bowl, Palo Alto, CA 


Food, Water, Energy, and the American 
Indian Farmer 
Maureen McCarthy, University of Nevada, Reno 


Global Science to Protect Our Global Farm 
Matt Goode, U.K. Biotechnology and Biological 
Sciences Research Council, Swindon; Jennifer 
Martin, National Institute of Food and Agricul- 
ture, Washington, DC 
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John Bakum, Cornell University, Ithaca, NY 
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Patrick Byrne, Colorado State University, Fort 
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National Science Foundation, Arlington, VA 
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Rene von Schomberg, European Commission, 
Brussels, Belgium 
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Smart Cities: Utopia for Data Collection? 
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Ben Shneiderman, University of Maryland, 
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Better Planet 
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Carla P. Gomes, Cornell University, Ithaca, NY; 
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Bart Selman, Cornell University, Ithaca, NY; 
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Edward Aboufadel, Grand Valley State 
University, Allendale, MI 


Public-Private Partnerships to Accelerate 
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Alyson Wilson, North Carolina State University, 
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Emerging Themes in Socio-Technical 
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Gregory D. Hager, Johns Hopkins University, 
Baltimore, MD; Ann Drobnis, Computing 
Community Consortium, Washington, DC 


INTERNATIONAL AND 
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Diana Sanchez, CRDF Global, Arlington, VA 
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Finance International Inc., Bethesda, MD 
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Forward 

Margaret Collins, International Institute for 
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Molly Fannon and John Kress, Smithsonian 
Institution, Washington, DC 
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Christopher B. Barrett, Cornell University, 
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MEDICAL SCIENCES AND 
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Rahel Byland, ETH Zurich, Switzerland 
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University of Munich,Germany 
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M. Elizabeth Halloran, University of 
Washington, Seattle 
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Washington, Seattle 
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Daniel Conklin, University of Louisville, KY; 
Judith Zelikoff, New York University, Tuxedo 
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Public Health Epigenomics: Integrating 
Environment and Human Health 

Shaun McCullough, U.S. Environmental 
Protection Agency, Research Triangle Park, NC; 
Dana Dolinoy, University of Michigan, 

Ann Arbor 


The Burden of Disease From Air Pollution 
Aaron Cohen, Health Effects Institute, Boston, 
MA; Michael Brauer, University of British 
Columbia, Vancouver, Canada 
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Katherine Bowman, National Research 
Council, Washington, DC; Amanda Arnold, 
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Astroparticle Physics: Unraveling 
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Green, Space Telescope Science Institute, 
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Keivan Stassun, Vanderbilt University, 
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First Stars and the Epoch of Reionization 
Bruce G. Elmegreen, IBM, Yorktown Heights, NY 
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Searching for Dark Matter 

Terry O’Connor, U.K. Science and Technology 
Facilities Council, Swindon; Manuel Gnida, 
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PUBLIC POLICY 
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Childhood Stunting: Policy Solutions To 
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Peter Gluckman, New Zealand Ministry of 
Foreign Affairs and Trade, Wellington 
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American Association of Universities, 
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Automated sample 
preparation 


Devices to prepare cells, nucleic acids, proteins, and other 
samples for analysis are becoming increasingly sophisti- 
cated, running faster and more accurately than ever before. 
In addition, their ease of use is making it possible to quickly 
train almost anyone to run automated sample preparation. 
By Mike May 


utomation increases the throughput and consis- 

tency of preparing samples for protein analysis, 

genetic sequencing, and other methods of data 

collection. The key challenges of automating 
sample preparation, explains Michael McGinley, core prod- 
ucts manager for Phenomenex in Torrence, California, is 
“turning vision into reality.” He adds, “It’s all about how to 
get a sample from point ‘A’ to point ‘B,’ but that can bea 
Herculean task at times.” 

Traditionally, most automated sample preparation in- 
volves liquid handling, which uses robotics to dispense 
and collect specific amounts of liquids to, for example, 
add reagents or wash samples. These tasks remain funda- 
mental to automated sample preparation, and such liquid- 
handling platforms work with various containers ranging 
from tubes to multiwell plates, to automatically prepare 
samples for various downstream processes, such as liquid 
and gas chromatography (LC and GC) and next-generation 
sequencing (NGS). 

“The challenge for data collection is to prepare samples 
in a consistent manner, and automation can be used to 
reduce human error,” says Eric Grumbach, a product 
manager at Waters Corporation in Milford, Massachusetts. 
“The health science marketplace has made the most of 


Upcoming Features 


automation—using a conveyor line, barcode reading, 
and whole rooms of machinery to completely automate 
workflows. In many cases, the user simply inserts the 
sample and, sometime later, gets a result.” 


Two tactics 

Overall, companies produce tools for automation in two 
ways. The sample preparation can either stand alone, 
meaning that it is used only to get a sample ready for analy- 
sis on another platform; or automated sample preparation 
can be integrated with an analytical platform, so that a 
sample is loaded, prepared, and analyzed within one de- 
vice. Choosing an approach really depends on the user’s 
requirements and the reason they want to add automation 
into their workflow. For instance, Grumbach says, “If you 
handle preparation separately then you’re not tying up 
test instrumentation while samples are being prepared.” 
However, when the preparation and analysis are integrated, 
user intervention is essentially eliminated after the samples 
and methods have been loaded onto the machine, and that 
frees lab members to do other things. 

Many labs use a standalone approach with LC or GC to 
separate samples into components that can be analyzed 
on another platform, such as mass spectrometry (MS). LC, 
for example, pushes a sample and a liquid solvent through 
an adsorbent-filled column. The components of the sample 
move through the column at different rates based on how 
they interact with the adsorbent, and that separates them. 
In GC, the sample is instead vaporized for separation. 
Getting the best results from chromatography starts with 
sample preparation. For example, solid phase extraction 
(SPE) can be used to increase the concentration of targeted 
components before either LC or GC. 

McGinley says of Phenomenex, “We live and breathe 
chemistries of separation,” and this includes GC, LC, and 
SPE. He adds, “We’re good at the chemistries and making 
sample preparation devices, but what do we do if the scale 
goes from 20 samples a day to 200 or 2,000?” In this case, 
the answer is to team up with an expert in liquid handling. 

In 2015, Phenomenex and Switzerland-based Tecan 
combined their skills to automate SPE. The resulting 
platform consists of Phenomenex’s SPE-chemistry prod- 
ucts— Phenomenex Strata and Strata-X SPE sorbents—and 
Tecan’s Freedom EVO, which provides robotic liquid han- 
dling. McGinley says, “This collaboration came out of being 
at a scientific conference with people from Tecan and find- 
ing a customer who wanted to use their robots and our as- 
says.” This system can run tubes or 96-well plates. McGin- 
ley adds, “You can start with a manual process and move to 
automation as needed.” 

One example of integrating sample analysis and detec- 
tion involves titration, which measures a solution’s concen- 
tration. Medical laboratories, for instance, use titration to 
measure chemicals in blood or urine samples. Metrohm 
USA in Riverview, Florida, automates this process. By fo- 
cusing on one key task, Metrohm has made its automated 


Genomics—February 12 # Tissue Analysis—March 4 & General Lab Equipment—April 29 


PHOTO: © CALEB FOSTER/SHUTTERSTOCK.COM 


sciencemag.org/products SCIENCE 


Produced by the Science/AAAS Custom Publishing Office LIFE SCIENCE TECHNOLOGIES 
AUTOMATED SAMPLE PREPARATION o 


PHOTO: © DAMERAU/SHUTTERSTOCK.COM 


titration platforms easier 
to use. “This technology Ant h 

is good for labs with mul- | | \ 
tiple analysts who rotate | 
through,” says Lori Car- 
ey, Metrohm’s titration 
product manager. “You 
just weigh the sample, 
put it on a tray, and press ‘ 
‘start.’” These platforms ! I 
can also perform au- 
tomated dilution of the 
sample, add a solvent if 
needed, and remove pre- 
cise volumes. A range of 
scientists beyond those 
in medical laboratories 
can use these titration 
platforms. As an exam- 
ple, Carey mentions researchers working in environmental 
labs, who also require high-throughput capabilities. 


Prepping proteins 

To study specific proteins or peptides, scientists 
often label them. The labels can then be used to isolate 
specific proteins or peptides for further study. Agilent 
Technologies in Santa Clara, California simplifies 
protein isolation with its AssayMAP platform. David J. 
Edwards, senior director of mass spectrometry marketing 
in Agilent’s life sciences and applied markets group, 
describes this platform as “a fully automated solution for 
high-throughput protein and peptide sample preparation 
and purification.” 

The AssayMAP Bravo Platform consists of the Agilent 
Bravo liquid handler and comes equipped with AssayMAP 
microchromatography technology, which features 
disposable cartridges that can accommodate a variety 
of separation chemistries. These chemistries include 
AssayMAP Affinity Purification, which can be used to 
attach an antibody to a target protein, for example. 

Edwards says, “AssayMAP is especially effective when 
used upfront of LC/MS analyses, delivering consistent 
samples that allow users working in biopharma and pro- 
teomics to achieve superior mass spec results.” The As- 
sayMAP Bravo Platform uses the Bravo AssayMAP liquid- 
handling head, which contains precision-flow syringes. 
“The syringes enable liquid flow to be precisely controlled 
to accommodate quantitative protein/peptide binding and 
elution in a single pass and deliver reproducible and con- 
sistent coefficients of variation,” Edwards says. In addition, 
AssayMAP comes with software that includes predefined 
workflows, but which can also be customized if the user 
wishes. The software eliminates “any need for the user 
to learn a scripting/instrument-control programming lan- 
guage,” adds Edwards. 

Agilent recently released an immobilized metal affinity 
chromatography (IMAC) cartridge for AssayMap that 
uses nitrilotriacetic acid (NTA) chelated with Fe(III) 


“Four or five years ago, NGS was incred- 
ibly manual, but now it comes with quite 
simple workflows so that almost anyone . 
can adopt the technology.” 


for phosphopeptide 
enrichment for LC/ 

MS applications. 
“Phosphopeptide 
enrichment from complex 
mixtures is one of the 
most challenging sample 
preparation tasks to 
perform reproducibly for 
LC/MS,” Edwards says. 
“The AssayMAP FeiIIl) 
NTA cartridge addresses 
this challenge ina 
scalable, reproducible, 
and automated manner.” 
This cartridge can be 
used as part of an LC/MS 
workflow to discover and 
characterize biomarkers 
and biotherapeutics or to analyze the selectivity and 
toxicity of candidate drugs. 


} 
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— Andy Felton 


Preparing DNA 

For scientists looking to explore an organism’s genes 
or isolate DNA for specific applications such as forensics, 
DNA sequencing is key. The high-throughput capabilities 
of NGS, however, only provide useful data if the right 
library is used. To build a library, scientists use enzymes 
to generate random DNA fragments of a specific size 
from their sample. Making the library, though, is more 
complicated than it sounds. 

As Andy Felton, vice president of product management 
for lon Torrent at Thermo Fisher Scientific, 
headquartered in Waltham, Massachusetts, explains: 
“Library preparation is a set of fairly complex molecular 
bioprocesses,” and has traditionally required a lot of 
manual work. Consequently, it takes hours—at least two 
and up to seven, depending on the specific process being 
used. Felton adds, “There’s always room for error with a 
manual process.” 

Thermo Fisher Scientific adapted its lon Chef system 
to perform library construction. Instead of taking hours 
of hands-on time at the bench, Felton says, the Chef can 
build a library in just 15 minutes. 

“Four or five years ago, NGS was incredibly manual,” 
says Felton, “but now it comes with quite simple workflows 
so that almost anyone can adopt the technology.” It’s so 
easy to use that Felton says he could teach almost anyone 
how to set it up in less than an hour. 

Besides being easier to use, the lon Chef boosts the out- 
come of NGS. “Removing user interaction typically reduces 
the error rate and improves the overall repeatability of the 
results,” Felton says. That really matters in clinical applica- 
tions, which need less complex and extremely robust meth- 
ods. The increasing simplification of NGS is also spreading 
the use of this technology, and Felton says it can be used 
for “measuring gene expression, target detection, metabo- 
lomics, epigenetics, and beyond.” continued> 
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Identifying nucleic acids in the clinic 

The throughput of NGS makes it useful for clinical settings 
in which researchers must analyze a large number of sam- 
ples. By simplifying the sample-preparation steps in NGS, a 
wide variety of clinical applications become more practical. 
For instance, the growing interest in the health ramifications 
of the human microbiome—the microorganisms that live in 
and on us—generates the need to isolate and analyze these 
microbial samples. 

As Markus Sprenger-Haussels—senior director, head of 
sample technologies product development for life sciences 
at Germany-based QIAGEN— explains, researchers use 
nucleic-acid extractions to study the composition of micro- 
organisms in the human gut, for example. Unfortunately, 
about 95% of the NGS reads from such a sample are usual- 
ly of human origin, not microbial. “So we developed a meth- 
od to selectively isolate microbial DNA,” Sprenger-Haussels 
says, “and after using it, 95% of the reads are from micro- 
bial DNA, which increases the amount of valuable informa- 
tion per sequencing run almost 20-fold.” This enrichment 
method is included in QIAGEN’s QlAamp DNA Microbiome 
Kit and the QlAamp FAST DNA Stool Mini Kit, which isolate 
microbial DNA for further analysis. Using these kits, “you 
can look at the correlation between certain disease states 
and the microbial community composition on the skin or in 
the colon,” Sprenger-Haussels says. 

In addition to NGS, today’s medical experts also use as- 
says based on the polymerase chain reaction (PCR). For 
instance, PCR can be used when treating cancer. To track 
the impact of a cancer treatment, an oncologist might use 
a liquid biopsy to analyze a patient’s blood for signs of 
cancer. QIAGEN provides PCR-based tests that can be 
used manually or automated with the QlAsymphony sample 
preparation system to isolate circulating tumor cells, free 
circulating nucleic acids, and exosomes (vesicles released 
from cancer cells that can trigger tumor growth). “These 
all carry information about a [patient’s] cancer,” Sprenger- 
Haussels says, “and the QlAsymphony provides unmatched 
sensitivity due to its capacity to process large sample 


volumes.” With respect to circulating tumor cells, for ex- 
ample, QIAGEN’s AdnaSelect and AdnaDetect technology 
finds them 95% of the time if there are only five cancer cells 
in 5 milliliters of blood; and it detects them more than 70% 
of the time even when there are only two circulating tumor 
cells in 5 milliliters of blood. 

QIAGEN’s sample-preparation technology for PCR- 
based assays can also be used for prenatal diagnostics. 
“Just draw blood from the mother,” Sprenger-Haussels 
says, “and it includes fetal DNA that can be analyzed for 
[Down syndrome] or other genetic disorders.” Sprenger- 
Haussels adds, “There’s no risk to the fetus, and it 
provides much higher accuracy than other noninvasive 
tests, like imaging.” 


Creating custom systems 

Even with the various commercial options available for 
automating sample preparation, scientists sometimes need 
a custom system. Daniel Ory, professor of medicine, cell bi- 
ology and physiology at Washington University School of 
Medicine in St. Louis, Missouri, and his colleagues create 
custom analytical systems for academic and industry sci- 
entists. He says, “The projects that we take can vary from a 
handful of samples to sample sets of thousands—3,000 to 
4,000.” Given that breadth of projects, Ory points out that 
each needs a different approach. The level of automation 
that Ory applies depends on the project’s size. For instance, 
if a clinical project includes 1,000 samples, he might de- 
velop a method that uses 96-well plates. “There are lots 
of liquid-handling stations that can work with a multiwell 
format,” he says. Nonetheless, many of the solutions turn 
out semiautomated. Ory says, “If we can get to a point with 
minimal manual work, that’s the best, and that’s what we 
aim for.” 

A lab or company’s decision to automate sample prepara- 
tion, however, includes an economic component. “Automa- 
tion could cost hundreds of thousands of dollars,” Grum- 
bach says. “Automation also requires routine maintenance. 
Organizations often hire specialists specifically to care for 
these automation platforms.” If a process does not include 
enough samples to justify that level of spending, it might 
make more sense to stick with a manual approach. 

Regardless of the sample-preparation approach, Ory 
makes a key point: “Your project will only be as good as the 
quality of the data that comes out of it.” To get the highest- 
quality data, a scientist must employ the best sample prep- 
aration. Moreover, the analytical system must be validated. 
As Ory explains: “If you have a sample set of 1,000 from a 
clinical study, you would like to know that sample number 1 
and sample number 1,000 can be compared.” 

As tools for automating sample preparation become eas- 
ier to set up and use, more scientists can incorporate the 
technology in their labs or in the clinic. 


Mike May is a publishing consultant for science and technology. 
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Protein Extraction System 

The Spot Hunter is a robotic system 

that is integrated with a fluorescence 
detection unit for the automatic extrac- 
tion of selected protein spots after 2D 
electrophoresis. This new generation 

of proteomic workstation offers greater 
flexibility than other systems, improved 
accuracy, and reliability all within a mini- 
mal footprint. The Spot Hunter operates 
in three essential stages: First, an image 
is captured of the stained 2D gels using 
an application-specific, high-resolution 
charge-coupled device (CCD) camera. 
Next, the easy4 science software detects 
all protein spots and creates a target list, 
which it transfers to the picking unit. Fi- 
nally, the selected spots are automatically 
extracted under contamination-free con- 
ditions and then transported into a stan- 
dard microtiter plate. The high-through- 
put version can do this with up to four 
plates. The whole process conforms to 
good laboratory practice with the ability 
to enable exact backtracking to any spot. 
Three sizes are available including a 
high-throughput model for gels up to 340 
mm x 290 mm. 

HeroLab 

For info: +49-(0)-6222-5802-0 
www.herolab.com 


Automated Microcomputed 
Tomography 

The SkyScan 1275 is a highly automated, 
self-optimizing desktop X-ray microto- 
mograph. The system takes advantage 
of new X-ray source technology and 
efficient flat-panel detectors to reduce 
scan time to just a few minutes with- 
out compromising image quality. The 
SkyScan 1275 software features 2D/3D 
image analysis, as well as a realistic 3D 
visualization that employs recent devel- 
opments in reconstruction algorithms, 
accelerated by powerful new graph- 
ics cards, to give an additional gain in 
performance and speed. The outcome 


is the rapid and realistic visualization of results by volume render- 
ing. Push-button operation with a preselected sequence of actions, 
including scanning, reconstruction, and volume rendering means 
that even routine users can successfully obtain high-quality results 
with the SkyScan 1275. The SkyScan 1275 has an object size range 
up to 96 mm in diameter and 120 mm in length. Optional stages for 
micropositioning and material testing allow scanning of a sample 


under a variety of conditions. 
Bruker Corporation 

For info: +32-3-877-5705 
www.bruker.com/skyscan1275 


NGS Platform 

Two next-generation sequencing (NGS) 
systems deliver a comprehensive solu- 
tion that simplifies targeted sequencing. 
Built upon the proven capabilities of lon 
Torrent technology, the new lon S5 and 
lon S5 XL benchtop systems provide 
scientists with rapid, cost-effective, and 
flexible platforms that can be scaled for 
all research areas. These systems com- 
bine the ability to sequence gene panels 
and small genomes, as well as exomes, 
transcriptomes, and even custom assays 
on a single platform. The platforms are 
designed with “plug-and-play” cartridge- 
based reagents to make setting up and 
operating the sequencers easy and ef- 
ficient. With reduced hands-on time and 
streamlined workflow, the lon S5 and lon 
S5 XL systems make targeted sequenc- 
ing more accessible. The new systems 
require just 15 minutes of manual setup 
time per sequencing run and less than 
45 minutes of hands-on work from DNA 
to data when using the lon Chef System 
for automated lon AmpliSeq library con- 
struction, template preparation, and chip 
loading. 

Thermo Fisher Scientific 

For info: 800-955-6288 
www.thermofisher.com/ions5 


Bioprocess Analysis Kits 

A series of new kits comprising Gyrolab 
CHO-HCP Kits 2-5 and two Gyrolab Hu- 
man IgG Titer Kits have been designed 
for analysis in bioprocess workflows. 
Combined with the automation and high 
throughput of Gyrolab systems, these 
kits facilitate increased productivity in 
process development and release test- 
ing. The four new Gyrolab CHO-HCP 
Kits 2-5 quantify host cell proteins 
(HCPs) from Chinese hamster ovary 
(CHO) cells used in bioprocessing of 
biotherapeutics. The kits have broad 
dynamic range and show low intra- and 
interassay variation. The new Gyrolab 
hulgG Kits for determination of human 
immunoglobin G (IgG) come in two 
configurations, high titer and low titer, 
and have been developed to accurately 
and robustly quantify intact human IgG 
during cell line development. With broad 
dynamic ranges of three to four logs for 
each kit, determination is enabled from 1 
ng/ml up to 1 mg/ml IgG concentrations. 
Reliable methods to determine IgG titer 
are essential to ensure efficient process 
development. 

Gyros 

For info: +46-(0)-18-56-63-00 
www.gyros.com 


Automated DNA Preparation 

The ThruPLEX Plasma-seq kit, which 
prepares DNA libraries for the analysis 
of cell-free DNA circulating in plasma, is 
now automated on Beckman Coulter’s 
Biomek FX? Laboratory Automation 
Workstation. ThruPLEX Plasma-seq’s 
single-tube workflow is easily transferred 
to the Biomek FX? Workstation to enable 
high-throughput automated preparation 
of Illumina next-generation sequencing 
(NGS) libraries of cell-free DNA for liquid 
biopsies. The Biomek FX? Worksta- 

tion, a proven tool for automated NGS 
sample prep, enables higher throughput 
and efficiency for processing these 


precious samples at even the lowest input amounts. The ready-to- 
run method creates up to 96 dual-barcoded libraries in about 3.5 
hours—libraries that are compatible with Illumina NGS platforms. 
Automating ThruPLEX Plasma-seq reduces costly handling errors 
and potential sample loss while increasing reproducibility and, 
therefore, user confidence in sample quality. ThruPLEX Plasma-seq 
produces highly reproducible NGS libraries from less than 1 ng up 


to 30 ng of cell-free DNA in plasma. 


Rubicon Genomics 
For info: 734-677-4845 


www.rubicongenomics.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more 


information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmen- 
tal organizations are featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorse- 
ment by Science or AAAS of any products or materials mentioned is not implied. Additional information may be obtained from the manufacturer or 


supplier. 
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Science Advances, the new, open-access journal You are invited to submit your research on 
from AAAS, is making waves with original research bioelectronics to the series, and if our guest editors 
that advances the frontiers of interdisciplinary select your manuscript for publication, we'll waive 
science. We're now preparing an exciting Special all APCs. Science Advances offers expert editing, 
Series, Advances in Bioelectronics, showcasing rapid publication, and all the marketing clout you'd 
important work that has potential global impact. expect from the publisher of Science. 
. 
Submit your research at Science Advances AVAAAS 


ScienceAdvances.org SIGNIFICANT RESEARCH. GLOBAL IMPACT 
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As a workflow oriented provider of lab > Reproducible nucleic acid purification 
equipment, Eppendorf offers instruments, and library preparation with the Liquid 
consumables, and accessories that per- Handling workstation epMotion® 5075 
fectly fitthe NGS sample preparation and > Reliable DNA/RNA quantification with 
library construction workflow. Especially the Eppendorf BioSpectrometer® 
cumbersome steps are simplified or even fluorescence 

fully automated. > Mastercycler® pro with excellent block 


homogeneity and evaporation protection 


www.eppendorf.com/NGS 


Eppendorf®, the Eppendorf logo, Eppendorf BioSpectrometer®, epMotion® and Mastercycler® are registered trademarks of Eppendorf AG, Germany. 
U.S. Design Patents are listed on www.eppendorf.com/ip. All rights reserved, including graphics and images. Copyright © 2015 by Eppendorf AG. 
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Science Careers 
Advertising 


For full advertising details, go to 
ScienceCareers.org and click 
For Employers, or call one of 
our representatives. 


Tracy Holmes 

Worldwide Associate Director 
Science Careers 

Phone: +44 (0) 1223 326525 


THE AMERICAS 
E-mail: advertise@sciencecareers.org 
Fax: +1 (202) 289 6742 


Tina Burks 
Phone: +1 (202) 326 6577 


Nancy Toema 
Phone: +1 (202) 326 6578 


Online Job Posting Questions 
Phone: +1 (202) 312 6375 
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NEW ZEALAND / REST OF WORLD 


E-mail: ads@science-int.co.uk 
Fax: +44 (0) 1223 326532 


Sarah Lelarge 
Phone: +44 (0) 1223 326527 


Kelly Grace 
Phone: +44 (0) 1223 326528 


Online Job Posting Questions 
Phone: +44 (0) 1223 326528 


APAN 


Katsuyoshi Fukamizu (Tokyo) 
E-mail: kfukamizu@aaas.org 
Phone: +81 3 3219 5777 


Hiroyuki Mashiki (Kyoto) 

E-mail: hmashiki@aaas.org 
Phone: +81 75 823 1109 
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TAIWAN / THAILAND 

Ruolei Wu 


Phone: +86 186 0082 9345 
E-mail: rwu@aaas.org 


All ads submitted for publication must comply with 
applicable U.S. and non-U.S. laws. Science reserves 
the right to refuse any advertisement at its sole 
discretion for any reason, including without limitation 
for offensive language or inappropriate content, 

and all advertising is subject to publisher approval. 
Science encourages our readers to alert us to any ads 
that they feel may be discriminatory or offensive. 
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TENURE-TRACK ASSISTANT PROFESSOR 
University of South Carolina 


The Department of Pathology, Microbiology, and 
Immunology at the University of South Carolina’s 
School of Medicine invites applications for a tenure- 
track ASSISTANT PROFESSOR position in any area 
of Biomedical Sciences with expertise in Immunology, 
Inflammation or Microbiome research. This position is 
supported by USC Faculty Excellence Initiative. The 
successful candidate is expected to develop a strong ex- 
tramurally funded research program complementing 
current faculty research interests (http://pmi.med.sc. 
edu/), and participate in teaching. The department is 
currently ranked in the top 15 among Pathology de- 
partments in the nation in NIH funding, and hosts 
several NIH-funded Research Centers including the 
Center for Complementary and Alternative Medicine, 
the Center of Biomedical Research Excellence on Die- 
tary Supplements and Inflammation, and the IDeA 
Network of Biomedical Research Excellence. The de- 
partment and Centers provide excellent mentoring op- 
portunity to junior faculty. Candidates must have a 
PhD or equivalent, and at least 3 years of postdoctoral 
research experience. Competitive salary and startup 
funds are available. Please submit curriculum vitae and 
a statement of research and teaching interests with 
names of 3 references to Dr. Mitzi Nagarkatti, Chair, 
Department of Pathology, Microbiology, and Immu- 
nology, University of South Carolina School of Med- 
icine, Columbia, SC 29208 or E-mail: immunology@ 
uscmed.sc.edu. The search will start immediately and 
will continue until the position is filled. USC Columbia 
is an Equal Opportunity Affirmative Action Employer and en- 
courages applications from women and minorities and is responsive 
to the needs of dual career couples. 


UNIVERSITY OF 


SOUTH CAROLINA 


School of Medicine 


Kansas STATE 


UNIVERSITY 


HEAD AND PROFESSOR, DEPARTMENT 
OF ANATOMY AND PHYSIOLOGY 


The College of Veterinary Medicine at Kansas State 
University invites applications and letters of nomina- 
tion for the Head of the Department of Anatomy and 
Physiology. The successful candidate will have a Ph.D. 
or other earned doctoral degree in biomedical sciences 
or related, an outstanding history of scholarly achieve- 
ment and continuing success in extramurally funded 
research, exceptional leadership, strong commitment 
to professional and graduate student education and the 
professional development of faculty, staff and students. 
Applicants should submit a single PDF that includes a 
letter of application addressing leadership philosophy 
and vision; curriculum vitae; and contact information 
for three individuals from whom letters of reference may 
be requested. Application and nomination materials should 
be sent to website: geyestone@vet.k-state.edu. For fur- 
ther information, please refer to website: www.vet. 
k-state.edu/about/employment /opportunities. 
html. Review of applications will begin immediately 
and continue until the position is filled. Applications 
should be submitted prior to February 12, 2016 


College of Veterinary Medicine 


Kansas State University is an Equal Opportunity Employer 


of individuals with disabilities and protected veterans and actively 
seeks diversity among its employees. Background check required. 
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Advance your career 
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UNIL | Université de Lausanne 


Faculty of Biology and Medicine 


THE FACULTY OF BIOLOGY AND MEDICINE OF THE UNIVERSITY OF LAUSANNE, SWITZERLAND AND THE LAUSANNE UNIVERSITY HOSPITAL 
(CHUV) INVITE APPLICATIONS FOR THE POSITION OF 


: ASSOCIATE PROFESSOR OR TENURE-TRACK ASSISTANT PROFESSOR TOWARDS 
: A POSITION OF ASSOCIATE PROFESSOR IN TRANSLATIONAL RESEARCH 
: IN PSYCHIATRY AT THE DEPARTMENT OF PSYCHIATRY 


i Starting date: to be agreed 


Your activities: 


Develop and lead translational research programs in the field of mood disorders, covering neuroscientific as well as psychiatric 


and psychotherapeutic aspects 


In collaboration with the clinical services of the Department of Psychiatry, implement recruitment programs in order to develop 
cohorts of patients to conduct translational research aimed in particular at identifying biomarkers and endophenotypes of mood 


disorders 


Within the framework of the National Center for Competence in Research (NCCR) Synapsy (www.nccr-synapsy.ch), participate 
in the development of an international research unit aimed at initiating collaborative cohort studies in order to improve the 


identification of early biomarkers 
Collaborate with national and international research groups 
Teach at pre- and postgraduate levels as well as to candidates for the specialization in psychiatry and psychotherapy 


Supervise master and doctoral theses 


Your profile: 


MD, MD-PhD or PhD or qualifications deemed to be equivalent 
Demonstrated ability to: 
- Joint conduct of clinical activity and research 


- Conduct an internationally recognized research activity (substantial list of publications in peer-reviewed journals) 
in neuroscience, particularly neuroimaging and/or cellular and molecular neuroscience, focusing on the investigation 
of pathophysiological mechanisms in psychiatric disorders, as well as on the identification of biomarkers 


- Initiate and steer translational research programs that bring together clinicians and researchers in psychiatric neuroscience 
- Attract funding 
Excellent teaching and organizational skills 


Good working knowledge in French or the capacity to acquire it quickly 


* Your application: 


i The applications, in English, will include the motivation letter, the curriculum vitae, the list of publications with a copy of the five 
* most relevant ones, a brief description of the research program and of teaching experience and a copy of diplomas. They should 
> be sent by March 15", 2016 as a single pdf file to www.unil.ch/iafom/application. 


: The job description as well as a description of the Division are available on the Web at the address www.unil.ch/emplois 
* «Postes académiques». For further information, please contact Prof. Friedrich Stiefel (Frederic.Stiefel@chuv.ch), Head of Service. 


> ~M® Seeking to promote an equitable representation of women and men among their staff, the University and the Lausanne University Hospital 
: Lt encourage applications from women. 
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Postdoc Careers 
March 25, 2016 


Reserve ads by March 8 
to guarantee space. 


THERE’S A SCIENCE 
TO REACHING SCIENTISTS. 


For recruitment in science, there’s only one 


POSTDOC CAREERS | March 25, 2016 


Be sure to promote your openings to the thousands , 
of scientists who will be reading Science to find out Dae, = 
about the latest postdoc opportunities. Science 
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Produced by the Science/AAAS Custom Publishing Office. 
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Fundacién BBVA 


9th edition 
BBVA Foundation Frontiers of Knowledge Awards 


The BBVA Foundation Frontiers of Knowledge Awards recognize and encourage fundamental advances 
in basic and applied research, as materialized in models and theories for understanding the natural 
and social worlds, technological innovations of broad impact and salient contributions to the creation, 


online @sciencecareers.org 


performance and conducting of the classical music of our time. Honors also go to outstanding 5 
contributions that advance understanding or deliver material progress with regard to two key challenges a 
of the global society of the 21st century, climate change and development cooperation. cs 
The BBVA Foundation Frontiers of Knowledge Awards are undertaken in collaboration with the Spanish 2 
National Research Council (CSIC). oS 
Y 
Fundacion BBVA Categories Nominations ww 
ae — Basic Sciences (Physics, Chemistry, Mathematics) Nominations are invited from scientific and 
Plaza de San Nicolas, 4 — Biomedicine artistic societies, R&D centers, university and 


48005 Bilbao, Spain hospital departments, conservatories of music, 


— Ecology and Conservation Biology L u ee 
orchestras, public agencies, and organizations 


Paseo de Recoletos, 10 — Climate Change Be ok : working in the climate change and development 
28001 Madrid, Spain = Information and Communication Technologies areas, as well as other organizations and 

— Economics, Finance and Management persons specified in the award conditions. 
www.fbbva.es — Development Cooperation 


Deadline for submission 


— Contemporary Music nae 
pay Nominations are open from January 1 through to 


With the collaboration of June 30, 2016 at 23:00 GMT. 
“CSIC For more details and full entry conditions: www.fbbva.es/awards - awards-info@fbbva.es 


Download the : 
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Smithsonian Tropical Research Institute 
RESEARCH POSITION IN ARCHAEOLOGY 


The Smithsonian Tropical Research Institute (STRI; www.stri.si.edu), 
headquartered in the Republic of Panama, invites applicants interested in 
conducting archaeological research in the Neotropics to fill a permanent research 
position. The successful candidate is expected to develop a strong independent 
research program, supervise students, collaborate with other staff, and provide 
professional service. 


Search 1480 jobs 


STRI maintains modern research facilities, a library with extensive holdings 
in the natural and anthropological sciences, and support centers in Panama 
City, together with diverse stations for field work throughout the tropics. Staff 
scientists maintain cooperative research programs within a world-wide network 
of academic institutions. Opportunities for mentoring young scientists are 
available through a vigorous fellowship program, and formal teaching is possible 
through educational programs with affiliated universities. 


Srowse ail jobs 
Jobs are updated 24/7 


Search thousands of jobs 
on your schedule 


Receive push notifications 


‘ob hcriteri We seek an archaeologist interested in doing research on prehistoric adaptations 
per your job searcn criteria 


of native peoples to tropical ecosystems including in the fields of environmental 
archaeology, archaeobiology, landscape archaeology, and the development of 
social, cultural and economic systems. Other areas will be considered. Early to 
mid-career candidates are preferred but applicants at any level will be considered. 


Get a job on the go. 

Search worldwide for thousands of 
scientific jobs in academia, industry, 
and government. The application 


Minimum Qualifications: A Ph.D. and post-doctoral research experience, 
outstanding publication record, demonstrated success in obtaining grants, and 
a commitment to communicating science to the public. 


~ baie To Apply: Interested candidates should submit a single PDF containing a 
process is seamless, linking you download app or visit summary of research accomplishments and interests, curriculum vitae, five 
directly to job postings from your apps.sciencemag.org significant reprints, and the names and contact information of three referees. 
customized push notifications. for information. Send applications electronically as a single PDF to striarcheojob@si.edu. 
Address inquiries to Dr. Fernando Santos-Granero, Chair, Search Committee on 
Archeology at: SantosF@si.edu. Review of applications will begin on April 
15, 2016, and interviews will commence shortly thereafter. 


Scan this code to 
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University of 
Zurich” 


Faculty of Science 


The Faculty of Science of the University of Zurich invites applications for a 


Professorship in 
Molecular and Cellular 
Plant Physiology 


in order to join the Department of Plant and Microbial Biology. 


The Department of Plant and Microbial Biology conducts cutting-edge 
basic research in the areas of plant and microbial biology with a focus on 
molecular, genetic, genomic, and cell biological approaches. We seek 
innovative applicants with an outstanding track record in research and 
teaching who will strengthen and preferably bridge our existing interests 
in plant and microbial biology. The successful candidate will establish a 
complementary and independent research program in the field of Molecular and 
Cellular Plant Physiology, including but not limited to plant-microbe inter- 
actions, cellular and systemic transport processes, secondary 
metabolism and ecophysiology, or the biochemistry of physiological and 
developmental processes. 


The successful candidate is expected to build up a strong research group in 
molecular and cellular plant physiology. Contributing to the existing un- 
dergraduate and graduate teaching efforts in plant biology (in English or 
German) will constitute an integral part of the position. The successful 
candidate should have demonstrated leadership skills to contribute to the 
further development of the department and is expected to acquire external 
funding. The position will be preferentially filled at the level of Full 
Professor. The position may be occupied as a part-time or shared 
professorship. The University of Zurich is an equal opportunity employer. 


The University of Zurich provides generous research support, including 
funds for personnel and running expenses, and competitive start-up 
packages. Zurich’s scientific environment includes a rich spectrum of 
research activities in plant biology and the life sciences in general, and 
provides extensive opportunities for collaborations within the University 
and with the ETH Zurich. Switzerland provides excellent opportunities for 
external funding of research. The University and the city of Zurich also 
offer a stimulating cultural and family-friendly environment. 


Application packages should be uploaded to http:/ /www.mnf.uzh.ch/MCPP in a 
single file containing a one-page summary; motivation letter; a full cur- 
riculum vitae; a vision statement of research and teaching interests 
outlining major unsolved problems and how they could be tackled; and 
the names and addresses of three potential referees. Application guidelines 
can be found on the above page. The deadline for applications is 

29 February 2016. For further information, please contact Prof. Dr. Ueli 
Grossniklaus at grossnik@botinst.uzh.ch. 


AAAS is here — 


helping scientists 
achieve career success. 


Every month, over 400,000 
students and scientists visit 
ScienceCareers.org in search of 
the information, advice, and 
opportunities they need to take 
the next step in their careers. 


A complete career resource, free 
to the public, Science Careers 
offers a suite of tools and services 
developed specifically for scientists. 
With hundreds of career develop- 
ment articles, webinars and 
downloadable booklets filled with 
practical advice, a community 
forum providing answers to career 
questions, and thousands of job 
listings in academia, government, 
and industry, Science Careers has 
helped countless individuals 
prepare themselves for successful 
careers. 


As a AAAS member, your dues help 
AAAS make this service freely avail- 
able to the scientific community. 

If you’re not a member, join us. 
Together we can make a difference. 


To learn more, visit 
aaas.org/plusyou/sciencecareers 
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Join the 
Conversation! 


Twitter is a great way to 
connect with AAAS 
members and staff about 
the issues that matter 
to you most. Bea 
part of the discussion 
while staying up-to-date 
on the latest news 
and information about 
your personal 
member benefits. 
Follow us 
@AAASmember 
and join the 
conversation with 


#AAAS 
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University of 
Zurich” 


Faculty of Science 


The Faculty of Science of the University of Zurich invites applications for 
an 


Assistant Professorship in 
Plant Evolutionary Biology 


in the framework of the University Research Priority Program «Evolution 
in Action: from Genomes to Ecosystems». 


Evolutionary biology is a core area of biology, and understanding the 
mechanisms underlying evolutionary processes is of crucial importance 
for both basic and applied aspects of biology and medicine. Beyond the 
biological and medical fields, evolutionary concepts are an important 
theme in the social sciences and in economics. The University Research 
Priority Program (URPP) «Evolution in Action» is set within this wide area 
of research. It brings together multiple research groups of the Faculty of 
Science, the Faculty of Medicine, and the Faculty of Arts and plays an im- 
portant integrative role for diverse disciplines at the University of Zurich 
(UZH). In the Plant Sciences, UZH conducts pioneering basic research and 
is strongly involved in the integrative, interdisciplinary structure of the 
URPP Evolution in Action. 


We seek an innovative scientist with an outstanding track record in research 
and teaching, as well as the leadership skills and enthusiasm to build on 
the integrative structure of the URPP Evolution in Action and to further 
strengthen the integration of diverse disciplines. The successful candidate 
will establish a strong research group with a focus on Plant Evolutionary 
Biology, using novel approaches based on sequencing data and genome-wide 
analyses to address evolutionary questions. Possible research areas are: 

i) genetic and genomic studies at the population level, ii) molecular basis 
of adaptation and speciation, iii) evolution of developmental processes, 

iv) evolution of genomes and regulatory networks. In teaching, the success- 
ful candidate will contribute at the advanced level to graduate and under- 
graduate education (in English or German) in Biology. 


The position will be filled as a non-tenure track Assistant Professorship 
but previous holders of such positions have subsequently obtained a 
permanent professorship at UZH. The UZH is an equal opportunity em- 
ployer. 


The UZH provides generous research support, including funds for personnel 
and running expenses. Zurich offers a stimulating scientific environment 
and extensive opportunities for collaborations within UZH and with ETH 
Zurich. Switzerland provides excellent research funding opportunities. 


Application packages should be uploaded to http:/ / www.mnf.uzh.ch/ APPEB 
ina single file containing a one-page summary; motivation letter; a full 
curriculum vitae; a vision statement of research and teaching interests 
outlining major unsolved problems and how they could be tackled; and 
the names and addresses of three potential referees. Application guidelines 
can be found on the above page. The deadline for applications is 

29 February 2016. For further information, please contact Prof. Dr. Ueli 
Grossniklaus at grossnik@botinst.uzh.ch. 
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WORKING LIFE 


By Josh Shiode 


310 


My adviser's best advice 


mong my fellow graduate students, we called it the second-year slump, an affliction character- 
ized by paralyzing doubts about one’s abilities and future prospects. For me, though, it persist- 
ed. Even well into my third year, I found myself spending a lot of time worrying about whether 
I was headed in the right direction and questioning why I had even come to graduate school. 
“Am I cut out for this?” I asked myself. “And more important, do I even want to be here?” 


I also struggled with whether I 
should tell my research adviser. 
I did talk with a few classmates 
who shared similar doubts about 
pursuing a career in academia, 
or even being able to finish our 
Ph.D.s in some reasonable num- 
ber of years with the necessary ac- 
complishments to be “successful.” 
We speculated about “alternative 
career” options—but mostly in the 
way someone who has never set 
foot on a football field might talk 
about running the perfect play. We 
all vaguely knew of people who 
had ventured beyond academia, 
and figured their paths were theo- 
retically open to us too, but none 
of us had any idea how we would 
actually go about it. 

I thought that maybe my adviser 
could help, but the idea of sharing 
my doubts with him made me in- 
credibly anxious. On the one hand, I felt I was not living up 
to expectations—mine or his—and talking to him about my 
doubts could at least partially explain my performance. On 
the other, I worried that telling him how I was feeling might 
jeopardize my graduate career. I could imagine him asking, 
“Tf you aren’t here to make it in academia, why are you here 
at all?” I certainly wasn’t ready for that level of finality. Ad- 
vice from my older, wiser peers came down on both sides, 
which only served to reinforce my internal dithering. 

In the end, not talking to him was probably never re- 
ally an option for me; I wear my feelings on my sleeve, 
if not plastered on my forehead. So, in late spring of my 
third year, I asked my adviser if we could chat about “ca- 
reer stuff.” Feeling both nervous and relieved, I told him 
about my doubts and asked for some time over the sum- 
mer to pursue a few potentially interesting avenues, in- 
cluding ventures into teaching and science writing. Both 
would take time away from my research. 

I could tell that my confession wasn’t a complete sur- 
prise to my adviser, but he welcomed my honesty and 


“He gave me room to 
find my own way 
as a Ph.D. scientist.” 


encouraged me to take the time I 
needed to explore other interests, 
as long as my research progress 
didn’t grind completely to a halt. 
He basically told me, “I support 
you 100%. You need to figure out 
what you want to do and what will 
make you happy.” But he also said, 
“Tm an academic. My parents are 
academics. I have literally no help 
to offer you.” 

He had no idea how untrue that 
last statement was. Just support- 
ing me in my exploration helped 
me tremendously. I don’t know 
that I gained much insight that 
day about where I would eventu- 
ally want to take my career, but I 
did feel a whole lot better. 

It also turned out that, through 
colleagues, my adviser did know 
people I could talk to about new 
career directions. As I spent the 
next few years progressing through my Ph.D. research, 
he helped me connect with other Ph.D. scientists now 
working in policy, science communication, and tech com- 
panies in Silicon Valley. Through my own explorations 
and conversations with those people, I found that work- 
ing at the interface of science and society—in education, 
communication, or policy—is what really excites me. 
After graduation I entered the world of science policy, 
where I continue to work today, almost 3 years later. 

My adviser could have insisted that the only way to 
succeed in science was to keep my nose to the grindstone 
at all times, get a prize postdoc, and go on to a professor- 
ship. He could have told me he didn’t want to work with 
someone who wasn’t in grad school for the “right” rea- 
sons. But he didn’t. He gave me room to find my own way 
as a Ph.D. scientist, and for that I’ll be forever grateful. m 


Josh Shiode is a senior government relations officer at 
AAAS. For more on life and careers, visit sciencecareers.org. 
Send your story to SciCareerEditor@aaas.org. 
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